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Palinspastic reconstructions offer an ideal framework for geological, geographical, oceanographic and 
climatology studies. As historians of the Earth, “reconstructers” try to decipher the past. Since they know that 
continents are moving, geologists a trying to retrieve the continents distributions through ages. If Wegener’s 
view of continent motions was revolutionary at the beginning of the 20th century, we know, since the Early 
1960’s that continents are not drifting without goal in the oceanic realm but are included in a larger set 
including, all at once, the oceanic and the continental crust: the tectonic plates.
8QIRUWXQDWHO\PDLQO\GXHWRWHFKQLFDODQGKLVWRULFDOLVVXHVWKLVLGHDVHHPVQRWWRUHFHLYHDVXI¿FLHQW
echo among our particularly concerned community. However, we are intimately convinced that, by applying 
VSHFL¿FPHWKRGVDQGSULQFLSOHVZHFDQHVFDSHWKHWUDGLWLRQDO³:HJHQHULDQ´SRLQWRIYLHZWRDWODVWUHDFKUHDO
plate tectonics. This is the main aim of this study to defend this point of view by exposing, with all necessary 
details, our methods and tools.
Starting with the paleomagnetic and paleogeographic data classically used in reconstruction studies, 
we developed a modern methodology placing the plates and their kinematics at the centre of the issue. Using 
assemblies of continents (referred as “key assemblies”) as anchors distributed all along the scope of our 
study (ranging from Eocene time to Cambrian time) we develop geodynamic scenarios leading from one 
to the next, from the past to the present. In between, lithospheric plates are progressively reconstructed by 
adding/removing oceanic material (symbolized by synthetic isochrones) to major continents. Except during 
collisions, plates are moved as single rigid entities. The only evolving elements are the plate boundaries 
which are preserved and follow a consistent geodynamical evolution through time and form an interconnected 
network through space. This “dynamic plate boundaries” approach integrates plate buoyancy factors, oceans 
spreading rates, subsidence patterns, stratigraphic and paleobiogeographic data, as well as major tectonic and 
magmatic events. It offers a good control on plate kinematics and provides severe constraints for the model.
7KLVPXOWLVRXUFHVDSSURDFK UHTXLUHVDQHI¿FLHQWGDWDPDQDJHPHQW3ULRU WR WKLV VWXG\ WKHFULWLFDO
mass of necessary data became a sorely surmountable obstacle. GIS and geodatabases are modern informatics 
WRROVVSHFL¿FDOO\GHYRWHGWRVWRUHDQDO\]HDQGPDQDJHGDWDDQGDVVRFLDWHGDWWULEXWHVVSDWLDOO\UHIHUHQFHGRQ
the Earth. By developing the PaleoDyn database in ArcGIS software we converted the mass of scattered data 
offered by the geological records into valuable geodynamical information easily accessible for reconstructions 
FUHDWLRQ,QWKHVDPHWLPHE\SURJUDPPLQJVSHFL¿FWRROVZHDOODWRQFHIDFLOLWDWHGWKHUHFRQVWUXFWLRQZRUN
(tasks automation) and enhanced the model (by highly increasing  the kinematic control of plate motions 
thanks to plate velocity models).
%DVHGRQWKHWHUUDQHVSURSHUO\GH¿QHGZHGHYHORSHGDUHYLVHGVHWRIUHFRQVWUXFWLRQVDVVRFLDWHG
to their own velocity models. Using this unique dataset we are now able to tackle major issues of the geology 
(such as the global sea-level variations and climate changes). We started by studying one of the major unsolved 
issues of the modern plate tectonics: the driving mechanism of plate motions. We observed that, all along the 
Earth’s history, plates rotation poles (describing plate motions across the Earth’s surface) tend to follow a 




The oceanic realms are the cornerstone of our model and we attached a particular interest to reconstruct 
them with many details. In this model, the oceanic crust is preserved from one reconstruction to the next. The 
crustal material is symbolised by the synthetic isochrons from which we know the ages. We also reconstruct 
the margins (active or passive), ridges and intra-oceanic subductions. Using this detailed oceanic dataset, we 
developed unique 3-D bathymetric models offering a better precision than all the previously existing ones.
III
- Resumé -
Les reconstructions palinspastiques fournissent le cadre idéal à de nombreuses études géologiques, 
géographiques, océanographique ou climatiques. En tant qu’historiens de la terre, les “reconstructeurs” 
essayent d’en déchiffrer le passé. Depuis qu’ils savent que les continents bougent, les géologues essayent de 
retracer leur évolution à travers les âges. Si l’idée originale de Wegener était révolutionnaire au début du siècle 
passé, nous savons depuis le début des années « soixante » que les continents ne “dérivent” pas sans but  au 
milieu des océans mais sont inclus dans un sur-ensemble associant croûte « continentale » et « océanique »: 
les plaques tectoniques.
Malheureusement, pour des raisons historiques aussi bien que techniques, cette idée ne reçoit toujours 
SDV O¶pFKR VXI¿VDQW SDUPL OD FRPPXQDXWp GHV UHFRQVWUXFWHXUV 1pDQPRLQV QRXV VRPPHV LQWLPHPHQW
convaincus qu’en appliquant certaines méthodes et certains principes il est possible d’échapper à l’approche 
³:HJHQpULHQQH´WUDGLWLRQQHOOHSRXUHQ¿QWHQGUHYHUVODWHFWRQLTXHGHVSODTXHV/HEXWSULQFLSDOGXSUpVHQW
travail est d’exposer, avec tous les détails nécessaires, nos outils et méthodes.
Partant des données paléomagnétiques et paléogéographiques classiquement utilisées pour les 
reconstructions, nous avons développé une nouvelle méthodologie replaçant les plaques tectoniques et leur 
cinématique au cœur du problème. En utilisant des assemblages continentaux (aussi appelés “assemblées clés”) 
comme des points d’ancrage répartis sur toute la durée de notre étude (allant de l’Eocène jusqu’au Cambrien), 
nous développons des scénarios géodynamiques permettant de passer de l’une à l’autre en allant du passé 
vers le présent. Entre deux étapes, les plaques lithosphériques sont peu à peu reconstruites en additionnant/
supprimant les matériels océaniques (symbolisés par des isochrones synthétiques) aux continents. Excepté 
lors des collisions, les plaques sont bougées comme des entités propres et rigides. A travers les âges, les 
seuls éléments évoluant sont les limites de plaques. Elles sont préservées aux cours du temps et suivent 
une évolution géodynamique consistante tout en formant toujours un réseau interconnecté à travers l’espace. 
Cette approche appelée “limites de plaques dynamiques” intègre de multiples facteurs parmi lesquels la 
ÀRWWDELOLWpGHVSODTXHVOHVWDX[G¶DFFUpWLRQVDX[ULGHVOHVFRXUEHVGHVXEVLGHQFHOHVGRQQpHVVWUDWLJUDSKLTXHV
et paléobiogéographiques aussi bien que les évènements tectoniques et magmatiques majeurs. Cette méthode 
offre ainsi un bon contrôle sur la cinématique des plaques et fournit de sévères contraintes au modèle.
&HWWHDSSURFKH³PXOWLVRXUFH´QpFHVVLWHXQHRUJDQLVDWLRQHWXQHJHVWLRQGHVGRQQpHVHI¿FDFHV$YDQWOH
GpEXWGHFHWWHpWXGHOHVPDVVHVGHGRQQpHVQpFHVVDLUHVpWDLWGHYHQXHVXQREVWDFOHGLI¿FLOHPHQWVXUPRQWDEOH
Les SIG (Systèmes d’Information Géographiques) et les géo-databases sont des outils informatiques 
spécialement dédiés à la gestion, au stockage et à l’analyse des données spatialement référencées et de leurs 
attributs. Grâce au développement dans ArcGIS de la base de données PaleoDyn nous avons pu convertir cette 
masse de données discontinues en informations géodynamiques précieuses et facilement accessibles pour la 
création des reconstructions. Dans le même temps, grâce à des outils spécialement développés, nous avons, 
tout à la fois, facilité le travail de reconstruction (tâches automatisées) et amélioré le modèle en développant 
fortement le contrôle cinématique par la création de modèles de vitesses des plaques.
6XUODEDVHGHVWHUUDQHVQRXYHOOHPHQWGp¿QLVQRXVDYRQVDLQVLGpYHORSSpXQVHWGHUHFRQVWUXFWLRQV
auxquelles est toujours associé un modèle de vitesse. Grâce à cet ensemble de données unique, nous pouvons 
maintenant aborder des problématiques majeurs de la géologie moderne telles que l’étude des variations du 
niveau marin et des changements climatiques. 
1RXVDYRQVFRPPHQFpSDUDERUGHUXQDXWUHSUREOqPHPDMHXUHWQRQGp¿QLWLYHPHQWpOXFLGpGHOD
WHFWRQLTXHPRGHUQHOHVPpFDQLVPHVFRQWU{ODQWOHVPRXYHPHQWVGHVSODTXHV1RXVDYRQVSXREVHUYHUTXH
tout au long de l’histoire de la terre, les pôles de rotation des plaques (décrivant les mouvements des plaques à 
ODVXUIDFHGHODWHUUHWHQGHQWjVHUpSDUWLUOHORQJG¶XQHEDQGHDOODQWGX3DFL¿TXH1RUGDX1RUGGHO¶$PpULTXH
GX6XG O¶$WODQWLTXH&HQWUDO O¶$IULTXHGX1RUG O¶$VLH&HQWUDOH MXVTX¶DX-DSRQ)RQGDPHQWDOHPHQWFHWWH
UpSDUWLWLRQVLJQL¿HTXHOHVSODTXHVRQWWHQGDQFHjIXLUFHSODQPpGLDQ(QO¶DEVHQFHG¶XQELDLVPpWKRGRORJLTXH
TXHQRXVQ¶DXULRQVSDVLGHQWL¿pQRXVDYRQVLQWHUSUpWpFHSKpQRPqQHFRPPHUHÀpWDQWO¶LQÀXHQFHVpFXODLUHGH
la Lune sur le mouvement des plaques.
/H GRPDLQH RFpDQLTXH HVW OD FOp GH YRWH GH QRWUH PRGqOH 1RXV DYRQV DWWDFKp XQ LQWpUrW WRXW
particulier à le reconstruire avec beaucoup de détails. Dans ce modèle, la croûte océanique est préservée 
d’une reconstruction à l’autre. Le matériel crustal y est symbolisé sous la forme d’isochrones synthétiques 
IV
GRQWQRXVFRQQDLVVRQVOHVkJHV1RXVDYRQVpJDOHPHQWUHFRQVWUXLWOHVPDUJHVDFWLYHVRXSDVVLYHVOHVULGHV
médio-océaniques et les subductions intra-océaniques. En utilisant ce set de données très détaillé, nous avons 
pu développer des modèles bathymétriques 3-D unique offrant une précision bien supérieure aux précédents.
V- Foreword -
The present work is the result of a four year research project carried out at the institute of Geology and 
Paleontology at Lausanne University.
It comes in the continuity of several studies (Post-doctoral, PhD. and Master theses) in the reconstruction 
domain originally centred on the Tethyan realm. Field works as well as reconstruction works were done within 
WKHIUDPHZRUNRIZKDWPD\EHFDOOHGWKHSODWHWHFWRQLFV³VFKRRORI/DXVDQQH´LQVWLJDWHGE\3U6WDPSÀLZKHQ
he settled down in Lausanne twenty years ago. 
Based  on a multidisciplinary approach (including tectonics, sedimentology, paleomagnetism, 
paleogeography, paleoclimatology among other disciplines), the reconstructions of the Earth’s history 
developed in Lausanne have the particularity to place the tectonic plates and geodynamic issues at the core of 
the problem.
%\FRQVLGHULQJWHFWRQLFSODWHVPRUHWKDQFRQWLQHQWV3U6WDPSÀLDQGKLVVXFFHVVLYHFRZRUNHUVGHYHORSHG
a complex methodology including real geodynamic constraints where others may still deal with continental 
drift issues. 
The present work is in line with the previous reconstruction works carried out in Lausanne. Its general aim 
LV¿UVWO\WRHQKDQFHWKHPHWKRGDQGFRQVHTXHQWO\LQFUHDVHWKHUHVXOWLQJTXDOLW\RIWKHPRGHODQGVHFRQGO\
WRHQODUJHWKHVSDWLRWHPSRUDOVFRSHRIWKHUHFRQVWUXFWLRQV$VRIWHQLQVFLHQWL¿FVWXGLHVWKHPDLQSUREOHPWR
solve is technical: the mass of data necessary to, in the same time, create new reconstructions and enhance the 
existing once is huge and, therefore, sorely manageable.
Nonetheless, modern informatics provides tools fully adapted to the management of large and complex 




- Apply the method and the tools to develop new models.
Chapter 1 gives the general theoretical frame of the thesis by going back to the origins of palinspastic 
reconstructions, namely the plate tectonics theory. It introduces the various set of data generally used to 
reconstruct the past and exposes their various advantages and limitations.
Chapter 2 exposes with many details the methodology of reconstruction. It details how the lithospheric plates 
are replaced at the core of the problem and how we tend toward real plate tectonics more than staying in the 
obsolete “Wegerian” frame of continental drift.
Chapter 3 presents the geodatabases and the various tools necessary to enhance the model and built during 
the present work. It exposes how the general philosophy can be technically implemented to increase the 
constraints but also facilitate the reconstruction work.
&KDSWHULVGHYRWHGWRWKHSRVVLEOHDSSOLFDWLRQRIWKHUHFRQVWUXFWLRQVGDWDVHW,W¿UVWSUHVHQWVWKHUHFRQVWUXFWLRQV
DQGWKHQHZO\GHYHORSHGNLQHPDWLFPRGHOVDQGWKHQH[SRVHVRXU¿UVWDWWHPSWVRIDSSOLFDWLRQXQGHUWKHIRUP
of global plate tectonic analysis and paleo-bathymetric models. Its aim is not to do an exhaustive exposé 
of the possible application but more to put the light on the potential represented by an highly constrained 
geodynamico-tectonic dataset.
Chapter 5 is a discussion about the whole issues tackled in the present work. It aims to presents, all in the 
same, the advantages of the method, the enhancement obtained but also the limitations and the possible 
devlopments.
1Chapter 1: Reconstructing the past
- Chapter 1 - 
Reconstructing the past
Introduction
Palinspastic reconstructions cartographically represent past states of the Earth’s surface. Since they know 
that the outer shell of the Earth is continuously in movement, geologists started to retrace the Earth’s history. 
But why is it important to know the past positions of continents and plates? 
First of all, geologists as biologists or astronomers are participating in the search of the origins. As the 
historians, they try to decipher the past to better understand the present and try to predict the future. By 
creating worldwide reconstructions, geologists contribute to this search at a global scale.
More pragmatically, palinspastic reconstructions form a framework for other geological, geographical, 
oceanographic and climatology studies. They offer a unifying conceptual frame to more specialized and 
localized studies. During geological congresses a large interest is, besides, expressed by other geologists to 
know where their area of work can be located on the reconstructions.
The industry is also strongly concerned by the cognition of the past evolution of the Earth’s surface to a 
global scale. Raw materials such as petroleum, gas, coal, ore and aluminium are currently actively researched. 
$QHI¿FLHQWSURVSHFWLRQLVFRQGLWLRQHGWRDJRRGHVWLPDWLRQRI WKHSRWHQWLDOH[LVWHQFHRIVRXUFHURFNV7R
know the environments of the Earth for the past million years is particularly useful in this respect.
However, prior to the advent of the continental drift and the plate tectonics theories, geologists were faced 
to unsolvable problems in their efforts to decipher the past. Major problems were answered by more or less 
convincing ideas. When they understood that continents (and later plates) were in constant motions, they 
did an important step forward in the comprehension of large scale geological features. We now know that 




overview of the various methods available to retrace continents and plates distribution through space and time. 
Based on this conceptual inventory, we discuss, in the third section, the various approaches of reconstruction 
to identify their respective qualities and defaults. Finally, in the fourth section, we present our own approach 
of reconstructing the past. 
1.1 From continental drift to plate tectonics
Tectonics (from the Greek for “builder”, tekton) is the study of the forces within the Earth, that give rise 
to large-scale features of the Earth’s surface such as continents, ocean basins and mountain ranges. It is now 
widely accepted that the process which oversees the formation of those features is the plate tectonics. 
However, if most modern geologists commonly accept this theory, it has not always been the case. In order 
WRDYRLGFRQIXVLRQLQFRQFHSWVDQGWHUPLQRORJ\ZHVXPXSEHORZWKHHYROXWLRQRIWKHLGHDVIURPWKH¿UVW
arguments of Wegener’s continental drift theory to the advent of modern plate tectonics. 
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 1.1.1 The rise of an idea: the continental drift
The modern view of plate tectonics takes roots at the end of the 19th century with the development of the 
concept of “global tectonic” by Eduard Suess, quickly followed by Marcel Bertrand in 1887 and Emile Haug 
in 1900. The views developed by these scientists form the fundaments of the continental drift theory enunci-
ated by the German astronomer and meteorologist A. Wegener at the beginning of the 20th century. Wegener 
SXEOLVKHGKLVWKHRU\IRUWKH¿UVWWLPHLQLQKLVDUWLFOH³'LH(QWVWHKXQJGHU.RQWLQHQWH´:HJHQHU
7KH2ULJLQRIWKH&RQWLQHQWVDQGGHYHORSHGLWIXUWKHULQKLVERRN³'LH(QWVWHKXQJGHU.RQWLQHQWHXQG2]-
eane” in 1915 and in four expanded editions during the 1920’s. He was arguing that continents were once 
joined together in a single giant super-continent named “Pangaea” (from the Greek for “all lands”) until the 
Lower Jurassic, when it began to break up and its pieces move apart. Wegener’s assumption is based on four 
important observations: 
 *HRPHWULFDOVLPLODULWLHVPRVWFRQWLQHQWVVHHPWR¿WWRJHWKHUe.g. the coast lines of eastern South-
America and western Africa can be patched together; already reported by Sir Francis Beacon in 
1630).
- Geological similarities: geological bodies exactly similar are located on each part of the Atlantic 
Ocean.
- Paleontological evidence: American and African identical fossils (such as the fern Glossopteris and
MesosaurusVKRZWKDWÀRUDDQGIDXQDZHUHVLPLODUEHIRUH0DDQGWKHEHJLQQLQJRIWKHFRQWLQHQ-
tal divergence.
- Climatic evidence: widespread distribution of Permo-Carboniferous glacial sediments in South Amer-
ica, Africa, Madagascar, Arabia, India, Antarctica and Australia suggests the existence of a super-con-
WLQHQW6WULDWLRQVLQGLFDWHJODFLDOÀRZDZD\IURPWKHHTXDWRUWRZDUGWKHSROHVLQPRGHUQFRRUGLQDWHV
It is a good evidence that the southern continents had previously been in a very different locations (ie. 
near a pole) and contiguous to each other.
Albeit the robustness of evidence put forward by Wegener for his theory, no valid explanation concerning 
the driving force of moving continent was given. The seismology of the early 20th century showed that the 
globe was predominantly a solid body. How continents can move in a solid environment? Wegener proposed a 
mechanism centred on his assertion that the rotation of the Earth created a centrifugal force towards the equa-
WRUWKDWKHFDOOHGWKH³SROHÀHHLQJIRUFH´7KLVLGHDZDVTXLFNO\UHMHFWHGE\WKHVFLHQWL¿FFRPPXQLW\EHFDXVH
of the weakness of the forces generated by the rotation of the Earth. The lack of plausible mechanism explain-
ing the motion of the continents is the main reason that led to the rejection of the continental drift theory, then 
considered as unproven, untestable or wrong.
'XULQJWKHHDUO\¶VWKHWKHRU\RI:HJHQHUZDVUHMHFWHGE\WKHPDMRULW\RIWKHVFLHQWL¿FFRPPXQLW\
However, a few scientists, among which Emile Argand, Arthur Holmes and David Griggs continued to feed 
the debate by enunciating new theories concerning continent motions. Agrand (1916), exposed the ingenious 
hypothesis of “embryotectonics” partly explaning the formation of fold belts (mainly the Alps and the Hi-
malya) by contiental compressions. His view had, indeed, dominated the evolution of thought on the geolog-
cial development of the Alps for about four decades (abandoned by the late 1950’s because of the acummulat-
ing new evidence in favor of an extensional tectonic regime in the “Alpine geosycline”, see Sengör, 1982 for 
further details).  Holmes (1931), which should be considered as the real father of the plate tectonics theory, 
ZDVWKH¿UVWWRH[SRVHWKHLGHDRIVHDÀRRUVSUHDGLQJ+HSURSRVHGWKDWDFRQYHFWLRQFXUUHQWURVHXSWKURXJK
the mantle to form mountain range (or ridge) covering the middle of the Atlantic ocean. The rising current 
spreads out to either side of the ridge, pushing continents aside. Griggs (1939) came even closer to the core 
LGHDRISODWHWHFWRQLFVE\VD\LQJWKDWWKHPRXQWDLQUDQJHVDQGHDUWKTXDNHEHOWVWKDWULQJWKH3DFL¿FEDVLQDUH
due to convection currents rising in the centre of the basin and sinking along the its margins.
During the 20 years following Wegener’s death, the idea of continental drift was widely rejected, although 
a few scientists, such as Holmes and Griggs, agreed with the main aspects of his theory. In the mean time, 
no valid explanation for the origins of the mountain ranges and ocean basins arose. One of the most popular 
concepts of these times was based on the theory that the Earth was expanding and splitting apart at the seams. 
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Such concept raised many other questions that have been deeply investigated without satisfactory answers. 
Even if a few people continue to defend this idea (see for instance www.expanding-arth.org), it is discarded 
E\PRVWRIWKHVFLHQWL¿FFRPPXQLW\
The answers of all those questions came during the 1960’s with the development of technologies allowing 
a better understanding of oceanic domains and of the Earth’s interior.
1.1.2 Toward plate tectonics
The weakest point of the original continental drift idea was the absence of valid explanation concerning 
WKHPHFKDQLVPFDSDEOHRIPRYLQJFRQWLQHQWVDVVROLGERGLHVWKURXJKWKHRFHDQLFÀRRU(YHQZLWKLWVEXQGOH
of evidence, the theory was considered as unprovable and untestable against the observations.
Great advances in sonar and magnetometer technologies and large surveys produced during World War II 
DQGDIWHUZDUGOHGWRDYHU\GHWDLOHGPDSSLQJRIWKHRFHDQLFÀRRUV%DVHGRQWKHVHQHZREVHUYDWLRQV+HVV
(1962) re-examined the original convection theory of H. Holmes. On Hess’s model, the mid-oceanic ridges 
are interpreted as representing the rising limbs of mantle convection. The hot magma comes to the surface 
DQGQHZRFHDQLFFUXVWLVIRUPHGDVWKHPDJPDFRROV%DVHGRQ+HVV¶VVHDÀRRUVSUHDGLQJWKHRU\0F.HQ]LH
and Parker (1967), Morgan (1968) and Le Pichon (1968) gave birth to the modern plate tectonics theory. The 
basic concept of plate tectonics is that the outer shell of the Earth is made of a mosaic of plates. Two main 
geometrical elements constitute the fundaments of this hypothesis.





shows that the force of gravity observed is twice bigger than the theoretical force calculated if the inner Earth 
ZDVXQLIRUP$WWKHVDPHWLPHWKHREVHUYHGVWUHQJWKRIWKHJUDYLW\¿HOGVKRZHGWKDWWKH(DUWKGHQVLW\LQ-





































































Figure 1.1.1: The Layered Earth. (a) Section of the Earth. (b) Section of the Lithosphere according to Wegener’s continental 
drift theory. (c) Section of the Lithosphere according to plate tectonics theory.
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VHH¿JXUHD7KHGHQVHFRUHPXVWEHPDGHRIKHDY\PHWDOVXFKDVLURQ7KHPDQWOHLVOHVVGHQVHDQGLV
composed of peridotites. The crust is divided into continental and oceanic parts. The oceanic part of the crust, 
mainly composed of basalts and gabbros, is typically 4 km to 6 km thick. The continental crust is much thicker 
(20 km to 70 km) and its composition is more complex and, however, more silicic and, therefore, less dense 
than the basaltic rocks of the oceanic crust. In such a model, the driving forces proposed by Wegener appeared 
WREHPXFKWRRVPDOOWRDOORZFRQWLQHQWVWR³SORXJK´WURXJKWKHVROLGPDQWOHVHH¿JXUHE
,QSODWHWHFWRQLFVPRGHOVHH¿JXUHFWKHPDQWOHLVGLYLGHGLQWRWZRUKHRORJLFDOO\GLIIHUHQWOD\HUV
The outer layer of the mantle is the lithosphere (from the Greek lithos = “stone”). The lithosphere remains 
rigid in regard with geological time. The lower boundary of the lithosphere correspond to the isotherm 1600 
.a&ZKLFKLVFORVHWRWKHPHOWLQJWHPSHUDWXUHSRLQWRIWKHPDQWOHURFNV8QGHUWKLVOLPLWOLHVWKH
Asthenosphere (from the Greek Asthenos = “without strength”). The rocks constituting the asthenosphere are 
VXI¿FLHQWO\KRWWREHHDVLO\GHIRUPDEOHDWJHRORJLFDOWLPHVFDOH/LWKRVSKHULFSODWHVFDQWKXVPRYHDVVROLG
bodies on the soft asthenosphere. As a consequence, the strength of the driving mechanisms of plate tectonics 
is clearly smaller than the inexplicable forces of Wegener’s continental drift.
o Dividing the Earth’s surface
The second element constituting the core of the plate tectonics theory is another geometrical assertion: The 
Earth’s surface can be divided into about a dozen of pieces called “plates”.
In 1966, J.T. Wilson argued that the movements of the Earth’s crust were concentrated in narrow mobile 
belts: Mountain ranges, deep-sea trenches, mid-oceanic ridges and major faults. Whereas prior geologists 
VHSDUDWHGWKRVHIHDWXUHVLQWRVHOIFRQVLVWHQWERGLHV:LOVRQZDVWKH¿UVWWRSRVWXODWHWKDWWKH\DUHDOOLQWHUFRQ-
nected in a global network representing the plate boundaries.
Between the end of World War II and the middle of the 1960’s the entire Earth’s surface was investigated 
E\QXPHURXVEDWK\PHWULFDQGWRSRJUDSKLFDOVXUYH\VVHH¿JXUH7KHH[LVWHQFHRIWKH(DUWKUHOLHILVD
consequence of relative plate motions. Consequently, continental drift is an inherent part of plate tectonics. 
The continents are carried with the plates as they move at the surface of the Earth. The relative movements 
RISODWHVOHDGWRWKHGH¿QLWLRQRIWKUHHW\SHVRISODWHERXQGDULHV7UHQFKHVZKHUHWZRSODWHVDUHFRQYHUJLQJ
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Figure 1.1.2: Reliefs of the World
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1.1.3 Looking for evidence
As revolutionary as they are, the two major geometrical observations still have to be confronted to quan-
WLWDWLYHDQDO\VLVDQGH[SHULPHQWV1XPHURXVHYLGHQFHVRIWKHLUUHDOLW\DULVHDQGGH¿QLWHO\SURRIWKHYDOLGLW\
of the plate tectonics theory.
o Magnetic anomalies as isochrones
7KH¿UVWDQGWKHPDMRUHYLGHQFHLVEDVHGRQWLPHPHDVXUHPHQW:KHUHDVGHWHUPLQLQJWKHDJHVRIURFNV





sure the total intensity FRIWKHJHRPDJQHWLF¿HOGRQWKHRFHDQVVXUIDFH%HVLGHVDWDQ\SRLQWRQWKH(DUWK¶V
surface the expected value of the total intensity (F
ex
) may be modelled using the International Geomagnetic 
5HIHUHQFH)LHOG,*5)7KHGLIIHUHQFHEHWZHHQWKHPHDVXUHGLQWHQVLW\DQGWKHWKHRUHWLFDOYDOXHǻF is called 
magnetic anomaly.
    ǻF=F- F
ex
(1.1.1)
Mapping the magnetic anomalies of the 
1RUWK(DVW 3DFL¿F ¿JXUH  9LQH DQG
Matthews (1963) noticed that they are distrib-
uted along stripes, following alternating paral-
OHOEDQGVZKHUHWKHPDJQHWLF¿HOGLVJUHDWHURU
smaller than the mean theoretical value. The 
PDJQHWLF¿HOGRIWKH(DUWKLVELQDU\LQWKHVHQVH
that it has two stable states: a normal state (like 
WRGD\ZKHUH WKHPDJQHWLF¿HOG LVGLUHFWHG WR-
ward the north, and a reversed state where the 
PDJQHWLF¿HOGLVGLUHFWHGWRZDUGWKHVRXWK9LQH
DQG0DWWKHZVZHUHWKH¿UVWVWRSURSRVHWKDWWKH
lineated magnetic anomalies observed on each 
side of the oceanic ridges are a consequence of 
VHDÀRRU VSUHDGLQJ DV IRUPXODWHG E\ +HVV
They proposed that basalts registered alterna-
tively the normal or the reversed polarity of the 
(DUWKPDJQHWLF¿HOGDVWKH\FRROGRZQ
$V¿HOGUHYHUVDO SKHQRPHQRQ FDQ EH FRQ-
sidered as instantaneous in regards with the geo-
logical time scale, rocks registering the mag-
QHWLFÀLSFDQEHFRQVLGHUHGDVKDYLQJWKHVDPH
DJH RU DV LVRFKURQHV VHH ¿JXUH 8VLQJ
UDGLRJHQLF LVRWRSHV .$U PHWKRGV VDPSOHV
IURP DURXQG WKHZRUOGZHUH GDWHG DQG D ¿UVW
geomagnetic reversal time scale created for the 
past 5 million years (limit of the potassium-ar-
gon dating), and soon extended to 165 Ma. On 
this time scale, geologic time is divided into 
periods called “magnetic polarity intervals” of 
constant polarity. The basic unit of this time 
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Figure 1.1.3: Magnetic anomalies of the North-East Pacific. (from 
Vine and Matthews, 1963)
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Since the 1960’s, detailed magnetic anomaly sur-
veys and analysis were made over the world’s oceans. 
1XPHURXV DXWKRUV ZRUNHG RQ VSHFL¿F UHJLRQV RI
the globe. Based on such data, Müller et al. (1997) 
FRPSLOHGDGLJLWDODJHJULGRIWKHRFHDQÀRRU¿JXUH
1.1.5).
The discovery and dating of magnetic anomalies 
is the clearest evidence of the plate tectonics theory in 
two aspects:
- The symmetrical distribution of the anomalies 
on either side of the ridges and the direct relationship 
between the distance to the ridge and the age of the 
oceanic crust proved that ridges are the site of the pro-
duction of the oceanic crust. Müller et al. (1997) pro-
SRVHGD³6SUHDGLQJ5DWH0DSRIWKHZRUOG´6HH¿JXUH
EDVHGRQWKHGLJLWDODJHJULGRIWKHRFHDQÀRRU
- Once the whole oceanic crust was dated, geolo-
gists noticed that the oldest oceanic crust was 





















Figure 1.1.4:  Formation of magnetic anomalies at a ridge. 
Black and white sprites respectivelly represent normally 
(black) and reversely (white) magnetized crustal rocks.
AGE OF OCEANIC SEA-FLOORS
o Fracture and subduction zones
$VHFRQGDUJXPHQWLQIDYRXURISODWHWHFWRQLFVFDPHIURPWKHRFHDQLFÀRRU$VWKH(DUWKLVDVSKHUHHYHU\
movement on its surface can be characterized by a rotation around an axis directed through the Earth centre. 
The intersection between this axis and the Earth’s surface is called Eulerian pole of rotation. A point lying on 
the Earth’s surface is moving tangentially to a circle centred on the Eulerian pole.  Thus, traces of the plate 
motion should have a circular shape. 
:LWK WKH GHYHORSPHQW RI VRQLF UHFRUGHUV WKH SUHFLVLRQ RI RFHDQLFÀRRUPDSSLQJ LQFUHDVHG:KHUHDV
major transform faults were already known, geophysicists were able to recognize that they were not only 
SDUDOOHOEXWDOVRFXUYHGDQGFRQFHQWULF0RUJDQ¿JXUH$VDFRQVHTXHQFHIUDFWXUH]RQHVZHUH




SPREADING RATE MAP OF THE WORLD
Figure 1.1.5: Age of the Oceanic See Floors (from Müller et 
al. 1997)
Figure 1.1.6: Spreading Rate of the World (from Müller et al.
1997)
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must exist. In plate tectonics theory, this process occurs along the Oceanic Trenches and is called subduction. 
This idea has been supported by the distribution of earthquakes (laterrally and vertically) and volcanoes ac-
croos the Earth’s surface. 
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Figure 1.1.7: Major Transform 





























































at the Earth’s surface is also concentrated along the trenches and as been interpreted to result from the upward 
PLJUDWLRQRIÀXLGVRIWKHRFHDQLFFUXVWFDUULHGGRZQZLWKWKHVXEGXFWHGVODE
Figure 1.1.8: Distri-
bution of the Earth-
quakes of magnitude 
4 and more since 
the 1st Junuary 2000
(source: Advanced 
National Seismic Sys-

















































VOLCANOES AROUND THE WORLD
Figure 1.1.9: Volcanism 
distribution accross the 
World. Source: Smithson-
ian’s Global Volcanism Pro-
gram. (http://www.volcano.
si.edu/world/)
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o Where are the craters?
An indirect evidence of plate tectonics came from outer space. Early telescopic observations showed that 
the topography of the Moon was dramatically different from the Earth’s topography, controlled by impacts of 
meteorites. On the contrary, only a few craters are known on the Earth’s surface. And none of them lies on the 
RFHDQLFÀRRU
The Moon and the Earth are considered to be formed roughly at the same time, 4.5 Ga ago. Thanks to the 
Apollo missions, it has been shown that the density of craters on the Moon varies with the respective age of 
the surface and that most of them are older than 2.5 Ga. On the Earth, most of the rocks are younger that 1 Ga 
and none of the oceanic rocks are older that 190 Ma (See Steiner et al., 1998) . This is another evidence for the 
existence of a renewing process of the Earth’s surface.
1.1.4 Conclusion
Since the advent of the plate tectonics in the middle of the 1960’s many technological progresses have 
been made. Many predictions made by the plate tectonics theory have been tested against measurements and 
its validity is now irrefutable. One of the most important developments was the emergence of the modern ge-
odesy which led to a direct measurement of plate motions (see chapter 2 for further details).
3ODWH WHFWRQLFV LV QRZ FRPPRQO\ DFFHSWHG E\PRVW RI WKH VFLHQWL¿F FRPPXQLW\ DV WKH SURFHVVZKLFK
oversees the formation of large-scale features of the Earth’s surface. As a consequence, trying to reconstruct 
WKHSDVWKLVWRU\RIWKH(DUWKVKRXOGIROORZWKHPDLQUXOHVRISODWHWHFWRQLFV7KH¿JXUHSUHVHQWVWKH
evolution of the number of publications concerning plate tectonics and continental drift. Since its advent, plate 
tectonics readily surpassed the continental drift citations. However, the latter is still present in numerous publi-
cations, although at a low level. Except the magnetic anomalies, the data used to reconstruct the past are based 
on continental geology and consequently are made to move pieces of continents through time. Moving conti-
nental bodies alone in space and time is closer from Wegener’s continental drift than modern plate tectonics. 
In plate tectonics modelling, plates must be reconstructed and moved as single entities (including continental 
AND oceanic parts). Their boundaries must be recovered, and kinematics and dynamical constraints (even 

































Figure 1.1.10: Evolution 
of the number of publica-
tions concerning the Plate 
Tectonics (plain line) and 
the Continental Drift (dot-
ted line) since the advent 
of the plate tectonics.
Source: GEOREF biblio-
graphical database.







1.2 Evidence of the past position of continents: data and methods
Since plate tectonics was accepted as the principle mechanism of the Earth dynamics (with implications 
from the smaller local scale to the larger regional scale), numerous authors started to look for evidence of 
the past positions of continents. In this chapter, we review the different data and available methods used to 
UHFRQVWUXFW WKHSDVW7KH\PD\EHGLYLGHGLQWR WKUHHPDLQ¿HOGVSDOHRPDJQHWLVPSDOHRELRJHRJUDSK\DQG
SDOHRFOLPDWRORJ\DQGODUJHVFDOHJHRORJ\7KHNQRZOHGJHDQGWHFKQLTXHVDSSOLHGWRHDFKRIWKHWKUHH¿HOGV
are most of time totally different. Albeit the formation of interdisciplinary groups in the last years, specialists 
of each discipline used to work in their own way with only a distant look at the others. The limits imposed to 
HDFK¿HOGOHGIRUDORQJWLPHWRSDUWLDOUHVXOWVTXLWHIDUDZD\IURPUHDOSODWHWHFWRQLFVPRGHOOLQJ:HZLOOKHUH
UHYLHZWKHWKUHH¿HOGVZLWKWKHLUVSHFL¿FDGYDQWDJHVDQGOLPLWVDQGWU\WRVKRZKRZWKH\FDQEHFRQVLGHUHG
at the starting point of plate tectonics modelling.
1.2.1 Paleomagnetism
Paleomagnetism is a much older science than plate tectonics if we consider its birth with the invention of 
WKH¿UVWFRPSDVVE\WKH&KLQHVHSUREDEO\GXULQJWKHnd century B.C. It is not beyond the scope of the present 
WKHVLVWRH[SODLQLQGHWDLOWKHEHKDYLRXURI(DUWK¶VPDJQHWLF¿HOG:HPHUHO\LQGLFDWHKRZSDOHRPDJQHWLVP
usefully gives a global framework for plate reconstruction.
The use of the magnetic properties of the Earth in geology can be divided into two sub-categories. In oce-
anic areas, magnetic anomalies (already mentioned above; section 2.1.2) are particularly interesting in term of 
tectonic reconstruction. In continental areas, reconstructions can be achieved through the determination of the 
temporal evolution of palaeo-poles, the so-called Apparent Polar Wander Path (APWP). 
o The use of Linear Magnetic Anomalies
The power of magnetic anomalies in term of plate tectonics analysis is so important that we could divide 
the Earth history into two main epochs: Before and after the oldest magnetic anomaly. According to Müller 
et al. (1997), the limit between these two realms is 175 Million years old and takes place between Africa and 
North America, in the Central Atlantic Ocean. According to Steiner et al. (1998) anomalies offshore Morocco 
are older (between 185 Ma and 190 Ma old). For younger ages, one can use magnetic anomalies to replace two 
continents in their relative position from one another.
Figure 1.2.1: Digital Isochrons of the Oceans. A selection has been made among the dataset of Royer et al. 1992
The principle is relatively simple. Crustal rocks continuously produced at the ridges register the instanta-
QHRXVDWJHRORJLFDOVFDOH¿HOGUHYHUVDOVWKURXJKWLPH5RFNVVKRZLQJWKHVDPHDQRPDOLHVDUHDVVXPHGWR
EHFRHYDO,WLVWKXVSRVVLEOHWRGUDZLVRFKURQVFRYHULQJWKHVHDÀRRUVHH¿JXUH&RQMXJDWHPDJQHWLF
lineations and fracture zones on each side of the ridge are used to calculate poles of rotation based on some 
FULWHULRQWRHYDOXDWHWKHSUHFLVLRQRIWKH¿WVHH+HOOLQJHU,Q+HOOLQJHU¶VPHWKRGIUDFWXUH]RQHVDQG
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magnetic lineations are both regarded as points on 
two conjugate isochrones grouped along great circles 
VHJPHQWV 7KH EHVW ¿W LV FRPSXWHG E\ PLQLPL]LQJ
WKH VXP RI WKHPLV¿WV EHWZHHQ FRQMXJDWH JUHDW FLU-
FOHVVHJPHQWVVHHVNHWFKLQ¿JXUH$VDUHVXOW
symmetrical patterns are obtained on each side of the 
ULGJHVHH¿JXUH%\¿[LQJRQHRIWKHWZRVLGHV
DQG¿WWLQJLVRFKURQVRIVDPHDJHRQWRSRIHDFKRWKHU
the oceanic crust of the second side (and its possibly 
attached continental part) can be brought back to its 
past position. Consequently, all plates can gradually 
EH UHSODFHG UHODWLYH WR D ¿[HG RQH )XUWKHUPRUH LI
WKH¿[HGUHIHUHQFHSODWHFDQEHSRVLWLRQHGLQDQDEVR-






























Data in present day coordinates
Magnetic anomaly and 
fracture zones identifications
Isochron
Data from plate 2 rotated into 
the reference frame of plate 1 (fixed)
minimizing the sum of misfits of
magnetic anomalies and fracture zone 
data with respect to great circle segments
HELLIGNER'S
CRITERION
(Adapted from Dr. C. Gaina third cycle course of March 10-12th 2004)
ISOCHRONS CALCULATION
Figure 1.2.2: Hellinger’s criterion












































Figure 1.2.3: The use of mag-
netic anomalies.
(a) Present-Day position of 
plates.  The calculated isochrons 
of time 1 are symmetrically dis-
tributed around the
ridges. (b) The plate A remains 
fixed.  Conjugate Isochrons are 
fitted together; Plate A with 
Plate B, Plate B with Plate C
and Plate C with Plate D.  (c) 
Summary of the plate circuit.
Figure 1.2.4:  Middle Jurassic (175 Ma) recon-
struction based on Digital Isochrons (after Royer 
et al. 1992.)
180 Ma is the age of the oldest magnetic anomaly 
known. This example has been chosen to illus-
trate the importance of the “unknown area” (~67 
% of the total surface) when magnetic anomalies 
are absent.
Magnetic anomalies could be considered as an “ideal” plate modelling tool, nevertheless, important cau-
tions have to be noticed:
- The time span (190 Ma) is quite limited in regard with the earth history. 
- The spatial extent is limited to the present-day continents. The size of the “unknown” realm increase 
EDFNZDUGWKURXJKWLPHXSWR¿JXUH
-  In the Earth history, the reversal rate is not regular. Some long periods without reversal exist. The most 
problematic is the long normal-polarity super-chron of the Cretaceous (also named “Cretaceous quiet 
zone”) ranging from 84 Ma up 121 Ma.  During such periods, no anomaly is available
 /RRNLQJPRUHFDUHIXOO\DWWKHGLJLWDODJHJULGRIWKHRFHDQLFÀRRU¿JXUHODUJHUHJLRQVRIWKH
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oceanic realm remains still undated (e.gWKHSRODUUHJLRQVDQGDODUJHSDUWRIWKHZHVWHUQ3DFL¿F
 7KHLVRFKURQVGH¿QLWLRQLVVWLOOVXEMHFWWRLPSRUWDQWXQFHUWDLQWLHVDQGLQVRPHSDUWLFXODUDUHDVDPDW-
ter of great debates in the specialized community. A good example is the North Western Shelf of Australia. 
The Gascoyne abyssal plain was surveyed several times since the end of the 1970’s. Even with the additional 
contribution of the Ocean Drilling Program (ODP), various authors (e.g. Heirtzler et al., 1978; Mihut and 
Müller, 1998; Fullerton et al.9HHYHUVHWal., 1991; Sager et al., 1992; Heine and Müller 2005) gave dif-
ferent interpretations of the magnetic measurements. The difference between the average orientations of the 
DQRPDOLHVEHWZHHQWKHWZRSRVVLELOLWLHVSURSRVHGLQ¿JXUHLV,WZRXOGLQYROYHDYDULDWLRQRIPRUH
than 3000 km at the equator of rotation. Such a difference never appeared in the various proposed models, but 
the consequences in term of plate reconstructions are not negligible.

















Figure 1.2.5:  Comparison of two possible interpretations of magnetic surveys. Example of the Gascoyne Abyssal Plain (GAP), 
North Western Shelf of Australia. After Sager,1992 (a) and Heine, 2005 (b)
Hopefully, such variations in magnetic anomalies interpretations are rare. Errors in the magnetic data, 
however, can stem from:
 $FTXLVLWLRQHUURUV(UURUVLQQDYLJDWLRQZKLFKUHÀHFWDVXPRIXQFHUWDLQWLHVLQQDYLJDWLRQDQGLQORFDW-
ing the magnetometer with respect to the ship/GPS antenna. (see discussion in Royer and Rollet, 1997 





from Gaina et al. LVJLYHQ¿JXUH
Fig 1.2.6:
(a) Estimation of stan-
dard error assigned to 
magnetic anomaly. Con-
fidence intervals for ț
have been computed 
for each anomaly data 
set and averaged to ob-
tain țavg. 
(b) Consequence of 
magnetic anomalies un-
certainties on the finite 
reconstruction poles. Rotation poles and their 95% confidence re-
gions for the relative motion of Australia/Lord Howe Rise from chron 
34y (83 Ma) to chron 24o (53.3 Ma). After Gaina et al., 1998.
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With respect to other methods of retrieving continent distributions (see below), uncertainties surrounding 
magnetic anomalies are limited. However, they indeed lead to important debates and quite variable plate mod-
els. The most negative point of this method is its relatively limited temporal extension. 
Nevertheless, from 180 Ma onwards, magnetic anomalies are the most powerful tool for plate modellers. 
Furthermore, isochrones are the only measurable traces of past plates limits, so that their use is a direct way to 
model the plate history and not the drift of the continents. In support to this assertion, it must be noticed that 
RFHDQLFSODWHVVXFKDVWKH3DFL¿FFDQEHUHSRVLWLRQHGDQGUHFRQVWUXFWHGZLWKRXWDQ\DWWDFKHGFRQWLQHQW
o Looking for Paleo-poles
As we mentioned above, the recycling process of the oceanic crust (i.e. the plate tectonics process itself!) 
GHVWUR\HGWKHRFHDQLFÀRRUVROGHUWKDQ0LGGOH-XUDVVLF)RUUHFRQVWUXFWLRQVROGHUWKDQ0DRQHPXVWUHO\
on Apparent Polar Wander Path (or APWP).
7KHPDJQHWLF¿HOGRIWKHHDUWKLVFXUUHQWO\SUHGRPLQDQWO\GLSRODU7KHK\SRWKHVLVVD\LQJWKDWWKHPDJQHWLF
¿HOGRIWKH(DUWKKDVDOZD\VKDGDPDLQO\GLSRODUFRQ¿JXUDWLRQLVQDPHGWKH*HRFHQWULF$[LDO'LSROH*$'
hypothesis. It is the fundamental building block of the APWP method. During the 1950s and early 1960s, pa-
leomagnetic evidence for plate tectonics was attacked by detractors, who questioned the validity of the GAD 
hypothesis, in particular for the Paleozoic and Mesozoic. Irving (1964) discussed this “non-dipole hypoth-
esis”, and concluded that it was a “hypothesis of desperation, useful at this stage only to those anxious to avoid 























APWP of North America.
Poles of various epoch are rep-
resented in present-day refer-
ence (projection centered N60 
W80) with corresponding 95%
confidence ellipses. Data from 
Torsvik et al., 2001.
Through the GAD hypothesis, an APW path represents the apparent motion of the rotation axis of the 
Earth with respect to the observed plate/continent. There are two principal ways of representing paleomag-
13
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netic information for a given region over several epochs. For each epoch, a paleogeographic map of the region 
can be drawn showing the paleo-meridians and paleo-parallels.  These maps are generally found more useful 
by paleo-climatologists for comparison with relevant information. But doing so, a simple view of the variation 
from time to time is not easy because many maps, one for each epoch, are required. A much simpler and con-
sequently, more useful approach is to plot successive positions of the paleomagnetic pole from time to time on 
the present-day latitude-longitude grid. Hence poles, corresponding to different times, are plotted together on 
the same map, forming an “apparent polar wander” path. This technique was introduced by Creer et al. (1954) 
and has become the standard method for representing paleomagnetic data. Figure 1.2.7 shows an example of 
APWP for North America Torsvik et al. (2001). For continents that are currently in the northern hemisphere, 
it is convenient to plot APW path as the sequence of paleomagnetic poles that track away from the north geo-
graphic pole, and vice-versa for the southern hemisphere. 
Methods of analyzing paleomagnetic data to construct APW paths have evolved with the increasing 
number of available data. When little paleomagnetic results were available, average poles were determined 
IRUHDFKJHRORJLFWLPHSHULRGHJXVLQJWKHVOLGLQJWLPHZLQGRZWHFKQLTXH8VLQJWKHDOZD\VLQFUHDVLQJ
amount of data, another approach was to construct the APW path with “most reliable” (or interpreted like this) 
paleomagnetic poles, without applying time averaging. The paleomagnetic poles that are judged most reliable 
are generally those determined most recently. As paleomagnetic techniques become more advanced and more 
rock units are investigated, older paleomagnetic poles are re-evaluated and sometimes discarded. As the quan-
tity and quality of paleomagnetic data varies from continent to continent (for some geological or geo-political
reasons), the precision of the APW paths varies largely between continents.
Moreover, APW path from a unique continent can also largely vary. Gondwanan paleomagnetic data, 
IRU LQVWDQFHDUHDJRRGH[DPSOHRI WKLVYDULDELOLW\9pUDUGPDGHDGLVFXVVLRQDERXW WKLVSDUWLFXODU
problem. Since the last 30 years, many APW paths for Gondwana for the Paleozoic and Mesozoic times have 
been published by various authors (Morel and Irving, 1978; Schmidt et al..HQWDQG9DQGH9RR
Bachtadse and Briden, 1990; Bachtadse and Briden, 1991; Smith 1999, Grunow 1999; Li and Powell, 2001; 
7RUVYLNDQG9DQGHU9RR0F(OKLQQ\HWal.$VVKRZQ¿JXUHDOOWKHVHSDWKVDUHYHU\GLI-
ferent. From a general point of view, two schools of thought are opposed: the defenders of an X-path and 
WKRVHRID<SDWK¿UVWSURSRVHGE\0RUHODQG,UYLQJLQ¿JXUHD7KH;SDWKUXQVWKURXJK$IULFD
(dashed line) for mid Paleozoic times, while the Y-path involves a loop passing by offshore Chile (solid line). 
These two options stem from how the poles are selected, and in particular whether poles from the Tasmanides 
(East Australia) are taken in account or not. This controversy persists since the 1970’s, and is still a matter of 
debate in recent papers (such as Torsvik et al., 2006). It raises the question of the selection of magnetic data, 




the poles. Nevertheless, the magnetisation of rocks is usually weak (most of time comprised between 0.01 and 
P$PDQGSDOHRSROHGHWHUPLQDWLRQPD\EHWHFKQLFDOO\GLI¿FXOWWRFDUU\RXW
$ ORWRI WHFKQLFDOSUREOHPVFDQDULVHGXULQJ WKHVDPSOLQJ LQ WKH¿HOG GULOOLQJ LQGXFHGPDJQHWLVDWLRQ
OLJKWHQHGURFNVXQGHWHFWHGORFDOPDJQHWLF¿HOGXQFHUWDLQWLHVRQWKHRULHQWDWLRQRIWKHVDPSOHVRUDWWKH
laboratory (quality of the magnetically shielded room, accuracy of the magnetometer, quality of the oven...). 
%H\RQGWKRVHWHFKQLFDOSUREOHPVLQKHUHQWLQHYHU\DQDO\VLVWKHGLI¿FXOW\FRPHVIURPWKHSRVVLELOLW\WRH[-
DFWO\NQRZZKDW LVXOWLPDWHO\PHDVXUHG7KH¿UVWSUREOHPFRPHV IURP WKHGDWLQJQRWRQO\ IRU WKH URFNV
(which is already submitted to a non-negligible uncertainty), but in particular for the magnetization itself. No 
GLUHFWZD\RIGDWLQJWKHPDJQHWL]DWLRQH[LVWV9DULRXVWHVWVWRHYDOXDWHWKHUHODWLYHDJHRIWKHPDJQHWL]DWLRQ
are possible (fold test, contact test, conglomerate test, unconformity test), but none of them give an absolute 
age. Correlatively, many processes can disturb the “primary” (or original) magnetization, in particular effects 
linked to the “quality” (chemical or physical) of the magnetic carriers of the rocks (i.e. alteration, re-crystal-
lisation, schistosity, metamorphism, oxidation...). Last but not least, paleo-pole calculation requires knowing 
the deposit conditions of the rock. Except for the non tectonized (or weakly tectonized) rocks, retrieving the 
SDOHRKRUL]RQWDOLPSOLHVD¿QHVWUXFWXUDODQGRUVHGLPHQWRORJLFDODQDO\VLVZKLFKLVQRWDOZD\VGRQH
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Morel & Irving, 1978
dashed line: X path
solid line : Y path
Legend :
APPARENT POLAR WANDER






















Bachtadse & Briden, 1990
Kent & Van der Voo, 1990













































































Li & Powell, 2001
McEhlinny et al., 2003
Torsvik & Van der Voo, 2002
Figure 1.2.8: APW paths of  Gondwana continent for Palezoic times. (a) after Morel and Irving (1978).(b) after Kent & Van 
der Voo (1990), Bachtadse & Briden (1990) and Schmidt et al. (1990). (c) after Bachtadse & Briden (1991), Gurnow (1999), 
Smith (1999). (d) after Torsvik and Van der Voo (2002), McEhlinny et al. (2003) and Li & Powell (2001). All paths are shown 
on a reconstruction of Gondwana in Africa coordinates (orthogonal projection). After Vérard (2004)
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7RDVVHVVWKHTXDOLW\RISDOHRPDJQHWLFGDWD9DQGHU9RRDQGSURSRVHGDOLVWRIFULWHULDresult-
LQJLQWKHGHWHUPLQDWLRQRIDTXDOLW\IDFWRU4$PRQJWKRVHFULWHULD9DQGHU9RR¿[HGQXPHULFDOOLPLWVWRVWD-
tistical parameters. Hence, N (number of samples) must be greater than 24,ț (precision parameter of Fisher) 





95FULWHULRQ UHÀHFW WKH ODUJHXQFHUWDLQWLHVDVVRFLDWHGZLWK WKHSDOHRPDJQHWLFGDWD ¿JXUHFurthermore,
those statistical values are the representation of theoretical and technical uncertainties, but never take in ac-
count dating and bedding correction errors.
 The uncertainties in the quality of the magnetic data sometimes lead to crucial issues. For instance, is there 
any limitation in the velocity of the plate? The question has been raised by Meert et al. (1993) and the problem 
RI*RQGZDQDLVDJRRGH[DPSOH9pUDUGVXPPDULVHGWKHYDULRXVYHORFLWLHVJHQHUDWHGE\WKHGLIIHUHQW$3:
SDWKRSWLRQV¿JXUH7KHDYHUDJHYDOXHLVDURXQGFP\DQGVRPHRIWKHYDOXHVDUHJUHDWHUWKDQ

























































































Torsvik & Van der Voo, 2002
Smith, 1999
Schmidt et al., 1990
Morel & Irving, 1978
X path
Y path
McEhlinny et al., 2003
Li & Powell, 2001
Kent & Van der Voo, 1990
Grunow, 1999
Bachtadse & Briden, 1991
Bachtadse & Briden, 1990
Legend:
Figure 1.2.9: Velocities of the Gondwana through times according various models. After C. Vérard (personal com., 2007).
From paleomagnetism we can determine the paleolatitude of a continental blocks through time, but it is 




result, for instance, two blocks having the same pole indicating a paleo-position at the equator could 
still be 20’000 km distant from one another. 
- Secondly, paleomagnetism does not distinguish between the North and South poles. Without a com-
plete APW path tracking back to the current pole there is no initial constraint on the original hemi-
sphere of the continental block.
 (YHQWXDOO\FRQWUDU\WRPDJQHWLFDQRPDOLHVZKLFKUHÀHFWOLWKRVSKHULFSODWHVPRWLRQWKHPDJQHWLFSROHV
are only associated to continental blocks. As the boundaries are not always obvious, the breaking down 
of present-day continents into geologically consistent pieces is an important matter of debate (see the 
discussion on terranes, continents and  plates, section 2.2). Moreover, every single continental block is 
replaced with respect to proper paleo-poles, but often without any consideration for the tectonic plates. 
In plate tectonics, plates are assumed as rigid and almost not deformable. Continental blocks belonging 
to the same plate should therefore have identical paleo-poles. Due to the large uncertainties of the poles 
it is not always evident to identify groups of continental blocks sharing the same lithospheric plate. The 
GLI¿FXOW\WRUHJDLQWKHOLQNEHWZHHQFRQWLQHQWVDQGSODWHFDQWKXVOHDGWRLPSRUWDQWPLVWDNHVDQGHYHQ
to tectonically unrealizable situations.
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Thus one may consider three types of continental block:
- Major continental blocks, with complete APW paths ranging from 600Ma (and sometimes more) to 
present. e.g. Baltica, Laurentia, Siberia... The original hemisphere of these blocks is unambiguous and 
the large amount of available data reduces the uncertainties.
- Minor continental blocks, with partial and scattered APW paths (e.g. North and South China, Tarim...) 
7KHHVWLPDWHGSDOHRODWLWXGLQDOHUURUVDUHLQWKHRUGHURIDWWKHEHVWEXWRIWHQZRUVHVHH&RFNV
and Torsvik (2002) and the original hemisphere remains uncertain.
- Continental blocks without related paleomagnetic data. A large part of the present-day continental 
area.
Despite the spatial and temporal limitations and the large uncertainties surrounding the paleomagnetic data 
sensu-lato (i.e.PDJQHWLFDQRPDOLHVDQGSDOHRSROHVWKH\DUHFHUWDLQO\WKHPRVWHI¿FLHQWWRROVWRUHFRQVWUXFW
the history of the Earth. Moreover, it is one of the rare disciplines (with paleoclimatology) in Earth sciences 
which allow a quantitative approach to paleogeographical problems.
1.2.2 Paleobiogeography and paleoclimatology
Paleogeography is quite an old science compared to plate tectonics. Its basics principles have been settled 
E\ 6WHUU\+XQW ZKR GH¿QHG WKH SDOHRJHRJUDSK\ DV WKH VWXG\ RI WKH³JHRJUDSKLFDO KLVWRU\ RI WKH
ancient geological periods”. In this discipline, he recognized the study of ³7KHUHFRUGRIDQLPDODQGYHJHWDEOH
H[LVWHQFHWUDFHGEDFNZDUGVXQWLOWKHGDZQRISODQWOLIHGLPO\VHHQLQWKHROGHVWNQRZQRIRXUURFN\VWUDWD´ as 
particular branches, which he named “paleophytology and paleozoology”, and which we now merge under the 
paleobiogeography GHVLJQDWLRQ7KHSDOHRELRJHRJUDSK\GH¿QLWLRQKDVEHHQIXUWKHUGHWDLOHGE\:LOOLV
ZKRPKDVEHHQFLWHGE\:HJHQHUZKHQKH¿UVWH[SRVHGKLVFRQWLQHQWDOGULIWWKHRU\. Besides, Sterry-
Hunt attended the study of ³UHFRUGVRI WKHSK\VLFDOFKDQJHV´ which we now know as paleoclimatology.
The early principles of Sterry-Hunt and Willis were mainly focussed on the description of past environments. 























































Figure 1.2.10: Lack of longitudinal constraint with paleo-poles technique.  (a) In present-day position, the paleo-pole 
is calculated in regard with the continental block. (b) In a past position, the paleo-pole is replaced on the rotational 
axis leading to one of the possible paleo-positions of the continental block.  The continental block can actually be 
rotated around the rotation axis of the earth (constant latitude) while staying at a correct distance with respect to the 
paleo-pole.
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o Paleoclimatology
The current climate of the Earth is primarily the result of the redistribution of the sun’s energy at the sur-
face of the globe. It is warm near the equator and cool near the poles. The heat discrepancy associated to the 
Coriolis Effect generates a zonation in air circulation represented by Hadley’s cells. In paleoclimatology, it is 
assumed that the zonal pattern of atmospheric circulation has been stable for the past 600Ma. 
Based on this assumption, it is possible to look for lithological indicators of climate and consequently of 
paleo-latitude. Certain lithofacies are climatically sensitive. For example, coal occurs where it is persistently 
wet (equatorial and temperate rainy belts). Bauxite and laterite occur where it is warm and wet. Conversely, 
marine evaporites such as halite, anhydrite and gypsum, occur where it is dry (subtropics). Carbonates (and 
particularly those of Bahamian types) occur where it is warm and where there is adequate sunlight penetration 
(equatorial, subtropical, and warm temperate regions).  Tillites and dropstone conglomerates occur primarily 
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(b) Evaporites, (c) 
Coals, (d) Tillites, 
After Scotese & 
Barrett (1990)
at cold temperate and polar latitudes (Parrish et al., 1982; Witzke, 1990; Scotese and Barrett, 1990).
Histograms describing the latitudinal frequency of climatically sensitive facies can be used to estimate 
KRZJLYHQIDFLHVRFFXUDWSDUWLFXODUODWLWXGH¿JXUH7KHSDVWSRVLWLRQRIWKHSROHUHODWLYHWRVXFKID-
cies can then be estimated by solving inverse problem. Applied to only one sample of rock, the uncertainty on 
the resulting pole location is in an order of magnitude of tens of degrees. Applied to several tens of samples, 
the climatic method leads to a largely better preci-
sion (in the same order than paleomagnetism). Sco-
tese and Barrett (1990) carried out the exercise with 
the present-day occurrences of carbonates, evapo-
rites, peat (coal) and tillites.  They plotted a “pres-
HQWGD\ SROH´ DW 1 DQG ( ZLWK ț=127.1
and Į
95
=8.18. It is interesting to notice that such a 
numerical method produce the same statistical pa-
rameters than paleomagnetism. Based the method,
Scotese and Barrett (1990) proposed another APW 
SDWK IRU*RQGZDQD ¿JXUH :LWK DQ DYHU-
age speed of 6.35 cm/y  ± 2.7 cm/y, in that case, the 
paleoclimatic APW seems even more plausible than 










centered on 30°E / 20°S 
Grid spacing: 10°.
Legend :
Scotese & Barrett, 1990
Figure 1.2.12: APW path proposed by Scotese & Barrett 
(1990), based on climatically sensitive lithofacies. After Vé-
rard (2004)
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However, as paleomagnetism, paleoclimatology suffers some important limitations:
 $VIRUSDOHRPDJQHWLVPWKHGDWDSURYLGHGE\SDOHRFOLPDWRORJ\DUHDVVRFLDWHGWRVSHFL¿FFRQWLQHQWDO
blocks but not to lithospheric plates.
- Contrary to paleomagnetism, paleoclimatological studies are limited to sedimentary rocks. They be-
FRPHGLI¿FXOWZKHQWKHURFNVDUHPHWDPRUSKRVHGDQGE\GH¿QLWLRQLPSRVVLEOHZLWKLJQHRXVURFNV
- The assumed stability of the zonation in the atmospheric circulations over the past 600Ma might be 
VSXULRXV7KH]RQDOSDWWHUQFRXOGEHPRGL¿HGE\DQLPSRUWDQWLQFUHDVHLQHLWKHUWKHWKHUPDOJUDGLHQW
between the pole and equator or the speed of the Earth’s rotation.
- Although general atmospheric circulation may not have been radically altered from its present pattern, 
it could have differed because the paleogeography was different from the present geography. Many 
features can disturb the climatic regimes, including mountain belts (>2000m elevation), ocean circula-
tion pattern, east-west oriented large landmasses and large landmasses at low latitude. The disturbing 
FRPSRQHQWVRIWKH¿UVWRUGHUDSSUR[LPDWLRQRIDWPRVSKHULFFLUFXODWLRQVVKRXOGEHLQWHJUDWHGLQWRWKH
modelling process.
On the other hand, paleoclimatology provides an interesting way to independently check APW paths de-
termined with paleomagnetic data. 
o Paleobiogeography
Biogeography is a discipline aiming at understanding the evolution and distribution of current Earth’s 
biota. Paleobiogeography analyses if biogeographic patterns occur in fossil taxa. Paleobiogeography, has a 
long historical heritage extending back to Lyell (1832) and even to Darwinians notebooks of 1837-1838 (in 
Barrett et al., 1987). Since the origin of continental distribution analysis, even before the rise of the continental 
drift theory, the better understanding of the phylogenesis and ecology of fossils played an important role in 
the discrimination of continents. For plate tectonics modelling, biogeographic (as paleoclimatology) evidence 
have the advantage to be totally independent of paleomagnetic data. Actually, except sedimentology, with 
which they are inextricably involved, paleobiogeographic data can be gathered separately from other geologi-
cal disciplines. As a consequence they are not only complementary of paleomagnetic data but can be used as 
a valuable comparison
Shelf faunas the same or different due to dispersal factors
Shelf faunas differentand reflect continental separation
Planktonic faunas the same























Species numbers in similar environments tend to decrease
Figure 1.2.13: A comparison of faunas found on opposite sides of an ocean.
(a) At the same latitude (e.g. equatorial). Planktonic faunas will be the same across the profile, as will deep-water benthic 
faunas.  Shelf faunas will include some forms that are identical across the oceanic barrier if their dispersal is efficient (long 
planktonic larval stage or island-hopping habits), but if the oceanic barrier is wide enough there will also be some generation 
of endemism among less mobile forms. Oceanic separation is thus only a partial filter for shelf faunas. 
(b) At the same longitude, one near the palaeo-equator and one at a high latitude. In this case plankton will be different, related 
to climatic zones. Deep water benthos (below the thermocline where conditions are fairly uniform the world over) may still 
be quite similar in spite of the wide geographic separation. On the other hand, shallow shelf faunas will again be distinctive, 
assuming that the continents have separated long enough to induce endemic speciation. In practice there is a gradation be-
tween highly endemic, inshore faunas and deep-water, widespread faunas with the general level of endemism increasing with 
depth. Of course, shelf faunas on a single large continental block will be also differentiated on a N-S oriented coastline, and 
exhibit latitudinal zonation (e.g. North America today). After Cocks & Fortey (1982).
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The principles of paleobiogeography, applied to the study of continents distribution through times, have 
been exposed by Cocks and Fortey (1982). As the continents distribution is directly related to oceans, Cocks 
and Fortey (1982) focussed their discussion on marine fauna. The main principles can be summarized as fol-
ORZVHHDOVRWKHLOOXVWUDWLRQ¿JXUH
 6LPLODULW\RIIDXQDVDORQHGRHVQRWQHFHVVDULO\UHÀHFWJHRJUDSKLFFRQWLQXLW\'HHSHUEHQWKLFIDXQDV
for example, can be equivalent across oceans. Consequently, it is necessary to compare inner shelf 
faunas from equivalent habitats.
- It is possible to use facies belts parallel to the margins of distant continents assuming that the sediments 
types are also different. For instance, faunas from anoxic black shales differ widely from those living 
in well-oxygenated environments.
- Planktonic or epipelagic forms are primarily related to paleolatitude and not to the continents distribu-
tion.
- Species with a longer larval life are more likely to cross large oceans. Faunas with shorter larval life 
will quickly adopt benthic habits.
- Faunas from volcanic island won’t be taken in consideration for continental distribution as they have 
“mixed” characteristics, especially if they are at intermediate latitudes.
However, Cocks and Fortey (1982) highlighted three important cautions to the fundamental principles of 
the recognition of continents distribution based on paleobiogeographic data:
- The method affords no constraint on palaeo-longitudes.
 ,WEHFRPHVOHVVFHUWDLQGXULQJWKH¿QDOFORVXUHRIRFHDQV'XULQJWKLVSKDVHODWLWXGLQDODQGFRQVH-
quently climatic) discrepancies are slight and oceans less effective as barriers. 
- Periodic marine transgressions and regressions produce shoreward and seaward migration of facies 
belts.
We can add that provincialism provides information on the relative distribution of continents but never 
absolute distance between two continental margins. In other words, among the various methods mentioned 
above, the use of paleobiogeographic data is certainly the less constraining one.
1.2.3 Large scale Geology and Tectonic
All the geological data gathered by geologists for centuries have been re-interpreted in terms of plate 
WHFWRQLFVVLQFHWKH¶V*HRORJLFDOIHDWXUHVXFKDVVXWXUH]RQHVRSKLROLWHVPpODQJHVDFWLYHPDUJLQVDQG
passive margins remnants provide access to the lost oceanic realms. Every single geological study can lead 
to Palinspastic reconstructions from local scale to global scale. However, it is proper to geological data to be 
scattered (or discrete) and indirect witnesses of the Earth’s history. Large scale reconstructions are thus the 
result of the integration of a very large amount of data. First attempts (mainly focused on the Tethyan domain) 
have been made early after the advent of plate tectonics, among which Le Pichon (1968) and Smith (1971) 
IROORZHGE\PDQ\VWXGLHVVXFKDV=LHJOHU6WDPSÀLHWal. (1991), Dercourt et al. (1993),Ricou (1995), 
Sengör and Natl’in (1996), up to the more recent papers of Hall (2003), Meert (2003) and Golonka (2004).
It is the main topic of the Geology to understand the Earth history. It could be a life span to explain in 
details how the reconstructions cited above have been obtained. It is not the object here to retrace and debate 
the geological arguments used in all these works. In the second section we detail the use of geological data in 
palte tectonics modelling (see paragraph 2.5.2 and followings). We will here only express the broad principles 
RIJHRORJLFDOGDWDLQWHJUDWLRQLQSODWHWHFWRQLFVDVWKH\KDYHEHHQ¿UVWH[SRVHGE\%LMX'XYDOHWal. (1977). 
First of all, it is important to emphasis that paleomagnetism and paleogeography provide a framework 
for global scale tectonic reconstructions. On the basis of resulting continental distribution, geologists can add 
geodynamical environments. Stratigraphic, sedimentary, geochemical and paleontological data lead to the 
LGHQWL¿FDWLRQRIJHRG\QDPLFDOIHDWXUHVVXFKDVEDFNDUFEDVLQVULIWVÀH[XUDOEXOJHVDUFVFRUGLOOHUDHWF
and consequently to major geodynamic events such as the onset of rifting and subduction, subduction of an ac-
tive ridge or collision of continents. The spatial comparisons of these main geodynamic environments provide 
DZD\WRUHFRQVWUXFWSODWHERXQGDULHVDVVKRZQ¿JXUH2QWKLVPDSLWLVH[WUHPHO\LPSRUWDQWWRQRWLFH
the presence of a network of interconnected plate boundaries. Such types of reconstructions, in term of plate 
tectonics, represent a step forward compared with the paleomagnetic and paleogeographic methods. 
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Figure 1.2.14:
Tithonian (130
Ma) plate tectonic 





However, the use large scale geology and tectonic data is also subject to caution:
- As the distribution of continents is based on paleomagnetic and paleogeographical data, it suffers ana-
logue uncertainties. Nevertheless, geodynamical consistency provides severe constraints decreasing 
uncertainties.
- The recognition of geodynamical environments is not simple. It implies the implementation of various 
techniques and savoir-faire. Even using the most recent techniques, the solution of a geodynamical 
problem is not obvious and most of times not unique. Therefore, choices have to be made and lead to 
very different models and numerous debates.
- Timing of events is a key feature. Quite a lot of key areas remain badly dated (with only bad biological 
indicators) or undated.
- Quantitative analysis of the results is almost always missing. Consequently, there are no constraints 
on the absolute motion of plates, on spreading and subduction rates, on the age (and correlatively on 
WKHEXR\DQF\RIVXEGXFWLQJRFHDQLFFUXVW8QGHUWKHVHFRQGLWLRQVVRPHJHRORJLFDOO\FRUUHFWPRGHOV
turn out to be unrealistic confronted to geodynamical constraints.
'HVSLWH WKHVH LPSRUWDQW FDXWLRQVZHDUH LQWHPHWDO\ FRQYLFHG WKDW¿HOGJHRORJ\RIIHUV DQ LGHDOZD\ WR
constrain paleomagnetic and paleogeographic data. Geological models constructed at global scale emphasize 




1.3 Discussion: continental drift vs. Plate tectonics
Plate tectonics theory marked a fundamental change in the way of solving the geological problems. It 
could be compared to the discovery of the atom at the end of the 18th century for the physicists or to the Dar-
winian revolution for the biologists.
The successful developments of paleomagnetism are sometimes mistaken to indicate that Mesozoic and 
Paleozoic histories of the Earth are well established. Nothing could be further from the truth. The reconstruc-
WLRQRIWKH(DUWK¶VKLVWRU\UHPDLQVYHU\XQFHUWDLQ6FRWHVHDQG0F.HUURZDQGDJDLQ6FRWHVH
elegantly summarized the status of current knowledge in a discussion on currently available Paleozoic paleo-
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WLPH¶´6FRWHVHDOVRSUHVHQWVDQLQWHUHVWLQJHVWLPDWLRQRIXQFHUWDLQW\LQSODWHSRVLWLRQ¿JXUH,W
LVFOHDULQ¿JXUHWKDWXQFHUWDLQW\LQFUHDVHH[SRQHQWLDOO\EDFNZDUGWKURXJKWLPH7KHVXPPDULVHGSUHVHQ-
tation of the data leading to past reconstructions made in section 1.2 showed that every single discipline has 
its limitations (see the synthesis table 1.3.1). As a consequence, plate reconstructions should be the results 
of an interdisciplinary approach. As Cocks and Torsvik (2002) mentioned, numerous studies have been 
published during the past 30 years but very often without enough consideration for the results of works led by 
specialists of other disciplines. In this paper, they decided to combine their respective experience in paleobio-
JHRJUDSK\DQGSDOHRPDJQHWLVPWRFUHDWHPRUHFRQVWUDLQHGUHFRQVWUXFWLRQV¿JXUH$IHZLQWHUGLVFLSOLQ-
ary groups indeed rose up since the end of the 1990’s. We can cite for instance the PALEOMAP project of Pr. 
Figure 1.3.1: Estimation of Reconstructions un-
certainties.
The uncertainty in the position of the continents 
is expressed in terms of degrees of latitude (ver-
tical axis).  The time (horizontal axis) is expressed 
in Ma. The expential increase of uncertainty in the 
continents position appears clearly. The Dashed 
line represents average uncertainty. The bkack 
line with open and filled circles is a more detailed 
estimate of the uncertainties for specific time in-
tervals. After Scotese (2004).
Figure 1.3.2:  Reconstruction for early Ordovi-
cian (480 Ma) times, with some key Arenig-Llan-
virn trilobite faunas.  After Cocks & Torsvik (2002)
Figure 1.3.3:  Examples of recon-
structions (for 100 Ma, 110 Ma, 120
Ma and 130 Ma) issued from the PA-
LEOMAP project. Continental distri-
butions are based on Paleomagnet-
ic, Paleogeographic and Geological 
data. After Scotese (2004)
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Scotese which associates linear magnetic anomalies, paleo-poles, hotspot tracks and large igneous provinces, 
WHFWRQLFIDEULFRIWKHRFHDQÀRRUOLWKRORJLFDOLQGLFDWRUVRIFOLPDWHDQGJHRORJLFDOUHFRUGRISODWHWHFWRQLFKLV-
WRU\WRSURGXFHDVHWRIPDSVLOOXVWUDWLQJWKHPRWLRQVRIFRQWLQHQWVVLQFH/DWH3UHFDPEULDQ¿JXUH
We widely follow the approach of these groups and consider that, as in the absence of an “ultimate meth-
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180 Ma
Up to 600 Ma
Up to 600 Ma
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Table 1.3.1: Synthesis of the various disciplines used for palinspastic reconstructions. Gray cells represent the points of 
weakness (see chapters 1.1 and 1.2 for further details.
1.4 Aim and approach of this work: toward real plate tectonics modelling
The present work is based on a simple observation: to model plate motions during the Earth’s history one 
need to reconstruct complete plates and move them through space and time. The review of the different way 
of reconstructing the past above shows that most palinspastic reconstructions are mainly continental drift 
derived models. Most of time, very little attention (if not at all) is paid to plate limits whereas they are of the                 
utmost importance for plate tectonics modelling as:
- Without plate boundaries, no plates exist.
- Plate limits are the locus of plate driving forces. In other words, plate limits control plate 
motions.
- Plate boundaries are the results of plate relationships. The geodynamical environments ensuing 
from their interactions mould the Earth’s surface.
,QWKDWSRLQWRIYLHZWKHPRGHOVSURSRVHGE\6WDPSÀLDQG%RUHODQGUHSUHVHQWDQLPSRUWDQW
step forward with a revolutionary approach integrating dynamic plate boundaries.
Since the beginning of the discussion we are talking about “model” without paying enough attention to 
WKHUHDOVLJQL¿FDQFHRIWKLVWHUP$FFRUGLQJWRWKHGLFWLRQDU\DPRGHOLV³DVFKHPDWLFGHVFULSWLRQRIDV\VWHP
WKHRU\RUSKHQRPHQRQWKDWDFFRXQWVIRULWVNQRZQRULQIHUUHGSURSHUWLHVDQGPD\EHXVHGIRUIXUWKHUVWXG\RI
its characteristics”. In other words, the rules governing every model have to be clearly exposed and a model 
has to be testable against others. 
7KH¿UVWDLPRIWKHSUHVHQWZRUNLVWKXVWRH[SODLQLQGHWDLOVWKHFRQFHSWRI³G\QDPLFSODWHERXQGDULHV´
and our global process of reconstruction. In the light of the herein chapter, questions appear: Is it possible 
to escape the Wegenerian approach and reconstruct complete lithospheric plates and do real plate tectonics 
modelling? If yes, how? What are the issues? What are the constraints? What are the limits? Compared with 
previous works, does it enhance the results? Does our methodology allow overrunning the limitations of 
previous methodology? We will answer those questions by detailing the “dynamic plate boundaries” concept 
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and depicting our reconstruction process step-by-step.
The second aim of the present work is to expose the technical implementation of our theoretical principles. 
0RVWRIWKHWLPHWKHWHFKQLFDOSDUWRIDVFLHQWL¿FVWXG\LVYHU\OLWWOHFRQVLGHUHGZKHUHDVLWPD\HLWKHUOHDG
to unsolvable problems or, on the contrary, may provide very powerful tools. In our point of view, modern 
informatics provides a way to always increase the constraints imposed to the models. 
Recent professional GIS softwares are powerful systems of geographical data management. Thanks to 
VSHFL¿FDOO\GHYHORSHGWRROVLWEHFDPHSRVVLEOHWRFDOFXODWH³¿QLWH´DQG³VWDJH´SROHVRIURWDWLRQVFKDUDFWHULVLQJ
the kinematics of the model and consequently to apply physical limits (accretion rates, plate velocities...) to 
it. Once those parameters are stored, it is possible to share them with other searchers and then compare or test 
the models.
$VVHHQDERYHWKHDPRXQWRISDOHRPDJQHWLFDQGSDOHRJHRJUDSKLFGDWDDYDLODEOHDQGQHFHVVDU\WR¿QG
the past distribution of continents is already very large. We consider this continental distribution as our initial 
step and want to add a new layer of information including geodynamically interpreted geology. By doing 
so, the amount of data necessary becomes huge and sorely integrable by the human brain. Data management 
systems of professional GIS softwares provide the ideal way to store and integrate multi-sources data. During 
WKHSUHVHQWVWXG\DJHRGDWDEDVHVSHFL¿FDOO\GHGLFDWHGWRUHFRQVWUXFWLRQZRUNKDVEHHQGHYHORSHG:HSUHVHQW
here in details the structure and the use of this database.
3ODWHWHFWRQLFVUHFRQVWUXFWLRQVDUHWKH¿UVWRUGHUUHVXOWVRIWKHSUHVHQWZRUN$VHWRIQHZUHFRQVWUXFWLRQV
extending from 600 Ma up to 48 Ma will be presented. However, more than simple maps representing successive 
stages of the Earth’s history, the reconstructions developed in GIS softwares are real mines of data offering 
new possibilities. Among these new possibilities, we chose two very different applications: (1) Aiming to 
better understand the nature of plate motions we realized what we called a “global scale tectonic analysis”; (2) 

























Figure 1.4.1:  Schematic representation of our approach for the present work.
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- Chapter 2 -
Global Scale Plate Tectonics Modelling
Introduction
Is it possible to abandon continental drift-types models to, at last, reach plate tectonics models? This 
question lies at the core of the present work. We saw in the previous chapter that most methods lead to retrieve 
past positions of continents but almost never tell us about plates. Using the data and methods exposed in 
this chapter, is it possible to recreate plates? plates are made up by continents and oceans. We know about 
continents. Are we able to reconstruct lost oceans?
What is a reconstruction? Basically, it consists in dividing the present-day continental area and move the 
resulting blocks, from the present to the past, through space on the basis of various datasets (geophysical, 
geographical, geological... see section one). We consider this step as preliminary work providing an ideal 
framework to reconstruct the plates. In our point of view, every single reconstruction is the result of what 
KDSSHQHGEHIRUHDQGPXVWSUH¿JXUHZKDWZLOOKDSSHQDIWHU7KHFRQWLQXXPLQWKHJHRG\QDPLFDOHYROXWLRQ
of the Earth is the most important element of our model. We do not aim to produce independent time-slices. 
We consider that having a consistent evolution in the geodynamic and in the geometry of the compounding 
elements is the most valuable manner to constrain the models. 
In the present chapter we expose what is behing our method of plate tectonics modelling. We show how, 
by integrating multiple disciplines, we properly reconstruct the plates and move them through space and time 
to tend toward real plate tectonics modelling. We start with the description of current plate motions and the 
analysis of their driving mechanisms to extract general rules or constraints applicable to the model. Then 
ZHH[SRVHWKHGH¿QLWLRQVRIWKHFHQWUDOHOHPHQWVRIWKHPRGHOVQDPHO\WKHWHUUDQHVWKHFRQWLQHQWVDQGWKH
SODWHVDQGVHHKRZWKH\LQÀXHQFHWKHPRGHO,QWKHWKLUGVHFWLRQZHH[SRVHKRZSODWHPRWLRQVRQWKH(DUWK¶V
surface can be mathematically described. In the fourth section we discuss the importance of the paleomagnetic 
reference frame and test its implication in term of plate kinematics. Lastly, we present how, by integrating 
various geolgical disciplines we can, step by step create geodynamical scenarios and reconstruct the plates.
2.1 Present-day tectonics
The rules of plate tectonics are still an important matter of debate. Present-day plate tectonics offers a 
suitable frame to establish the constraints of paleo-plate models. In the section 2.1.1 we describe the current 
motion of plates to retain a maximum absolute veolicity for paleo-plate tectonics models. In the section 2.1.2 
we sum up the state of knowledge about the main driving forces and see which forces are applicable to the 
model.
2.1.1 Present-day plate kinematics
As early as the 15th century, Swedes noticed that rocks in their harbours were slowly rising out of the sea 
(Ekman, 1991). +RZHYHUWKHVHORFDOREVHUYDWLRQVZHUHQRWVXI¿FLHQWWRGLVWLQJXLVKZKHWKHUWKHURFNVZHUH
rising or the sea level falling. This historical observation is still relevant today. How can we know whether a 
SRLQWRQWKH(DUWK¶VVXUIDFHLVVORZO\PRYLQJXSGRZQRUKRUL]RQWDOO\"$QGLIWKLVSRLQWLVPRYLQJKRZIDVW"
How can we describe the present-day plate motion? 
The lithospheric plates are moving so slowly that it is not possible to feel their movements. For a long 
WLPHWKH(DUWK¶VVXUIDFHZDVLQGHHGDVVXPHGWREHJOREDOO\¿[HG7KHIDLOXUHRI:HJHQHULQPHDVXULQJWKH
movements of continents was one of the main arguments for his detractors. 
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:LWKWKHGDZQRISODWHWHFWRQLFVDORWRISURRIVRISODWHPRYHPHQWVDURVH/H3LFKRQZDVWKH¿UVWWR
SURSRVHDPRGHOLQFOXGLQJSODWHVXQLTXHO\EDVHGRQVHDÀRRUVSUHDGLQJUDWHV8VLQJVSUHDGLQJUDWHVWUDQVIRUP
IDXOWVD]LPXWKVDQGHDUWKTXDNHVVOLSYHFWRUV0LQVWHUHWal. (1974) proposed an improved instantaneous plate 
PRWLRQPRGHOGHVLJQDWHGDV³5HODWLYH0RGHO´50DQGUHYLVHGLQDVWKH³5HODWLYH0RGHO´50
0LQVWHUDQG-RUGDQ
Relative motion of plates can be modelled by solving inverse problems. Considering n plates moving in 
WKHWKUHHGLPHQVLRQVRIVSDFH[\DQG]n-1) parameters of rotation have to be determined (as one plate 
UHPDLQV¿[HGWRVROYHWKHSUREOHP7KXV50LQFOXGLQJSODWHVLVEDVHGRQSDUDPHWHUVZKLFKKDYH
EHHQGHWHUPLQHGWKDQNVWRGDWDFRUUHVSRQGLQJWRHTXDWLRQV+RZHYHUWKHGLVWULEXWLRQRIWKHGDWD
was not homogeneous and some regions of the world, especially in high latitudes, were sparsely surveyed. 
Figure 2.1.1:
Data location and 
plate geometry 
assumed for NUVEL-
1 model. Vertically 
lined regions 
and dashed lines 
mark diffuse plate 
boundaries. After 
DeMets et al. (1990)
$XWKRUV RI WKH50PRGHO LQGHHGQRWLFHG VHYHUDO SUREOHPDWLF DUHDV VXFK DV1RUWK$WODQWLF DQG0LGGOH
,QGLDQ2FHDQZKHUHWKHSODWHPRGHOGLGQRWDGHTXDWHO\¿WWKHREVHUYDWLRQV





Figure 2.1.2: The Nuvel-1 network of 
plate circuits closure. The nodes (solid 
circles) represent the plates included 
in the model. The lines, which repre-
sent boundaries between plates, are 
coded by the types of data available 
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PHI LAM OMEGA omega(x) omega(y) omega(z) PlateName
50.569 -073.978 0.2909 0.000891 -0.003099 0.003922 Africa
62.986 244.264 0.2383 -0.000821 -0.001701 0.003706 Antarctica
45.233 -004.464 0.5455 0.006685 -0.000521 0.006760 Arabia
33.852 033.175 0.6461 0.007839 0.005124 0.006282 Australia
25.014 266.989 0.2143 -0.000178 -0.003385 0.001581 Caribbea
24.487 244.242 1.5103 -0.010425 -0.021605 0.010925 Cocos
50.631 247.725 0.2337 -0.000981 -0.002395 0.003153 Eurasia
45.505 000.345 0.5453 0.006670 0.000040 0.006790 India
-02.438 -085.895 0.2069 0.000258 -0.003599 -0.000153 N. America
47.804 259.870 0.7432 -0.001532 -0.008577 0.009609 Nazca
-63.045 107.325 0.6408 -0.001510 0.004840 -0.009970 Pacific
-25.325 235.570 0.1164 -0.001038 -0.001515 -0.000870 S. America
-30.054 058.870 0.6658 0.005200 0.008610 -0.005820 Juan de Fuca
-38.011 -035.360 0.8997 0.010090 -0.007160 -0.009670 Philippine
20.428 253.128 1.9781 -0.009390 -0.030960 0.012050 Rivera
-25.273 261.234 0.1705 -0.000410 -0.002660 -0.001270 Scotia





Table 2.1.1: Rotation Vectors for the 16 plates of the NNR-NUVEL-1-A model. The faster roation rate is for the 
Rivera plate with 1.9781 deg/Ma (corresponding to a maximum of 21.995 cm/y at the equator of the rota-
tion. After DeMets et al. (1994)
&RQWUDU\WR189(/PRGHOVLQZKLFKWKH3DFL¿FSODWHVUHPDLQVDUELWUDU\¿[HGWKH115189(/³115´










tectonic plate motion remains the same, even though many improvements have been introduced by the input 
of geodetic measurements. 
Some authors published plate motion models based only on space-geodetic measurements (e.g.'UHZHV
DQG$QJHUPDQQ6HOODHWal.2WKHUVXVHGJHRGHWLFPHDVXUHPHQWVLQFRPELQDWLRQZLWKJHRORJLFDO
strain-rate observations to develop integrated global plate motion models (e.g. Kreemer et al.7KH
$3.,0PRGHO'UHZHVDQG$QJHUPDQQSURYLGHVWKHDQJXODUYHORFLWLHVRISODWHVEDVHGRQ
DFRPELQDWLRQRILQGLYLGXDOVROXWLRQVIURPWKUHHJHRGHWLFWHFKQLTXHV9/%,*36DQG6/57KH5(9(/
model (Sella et al.GHVFULEHVWKHUHODWLYHYHORFLWLHVRISODWHVDQGFRQWLQHQWDOEORFNVIURPWKHDQDO\VLV
RI*36GDWDRYHUWKHSHULRG±7KH*650PRGHO.UHHPHUHWal.LVEDVHGRQDZLGHUDQJH
RI9/%,*36DQG'25,6VWDWLRQYHORFLWLHVPDGHDYDLODEOH LQ WKH OLWHUDWXUHRYHU WKH ODVWGHFDGH DQGRQ
VRPHJHRORJLFDOVWUDLQUDWHVGHGXFHGIURP4XDWHUQDU\IDXOWVOLSUDWHVLQ$VLD7ZHQW\¿YHSODWHVKDYHEHHQ
considered in this model.
Thanks to geodetic measurements, the question about the inconsistency of the existence of extended crustal 
GHIRUPDWLRQ]RQHVZLWKWKHDVVXPSWLRQRIQDUURZSODWHERXQGDULHVDSSHDUHG2QHUHVSRQVHKDVEHHQWRGH¿QH
QHZVPDOOSODWHVODUJHQXPEHURIFRQWULEXWLQJDXWKRUVIRUWKH3%PRGHORISODWHERXQGDULHV %LUG   
RUWRFRQVLGHUWKHUHPRWHDUHDVRIODUJHFRQWLQXRXVGHIRUPDWLRQ]RQHV0ROQDU*RUGRQ'UHZHV
DQG$QJHUPDQQ
%LUGVXJJHVWV WKDW HYHQ LQ GRLQJ VR D IHZ GR]HQ FXUUHQWO\ XQNQRZQ SODWHV PDLQO\ ORFDWHG LQ WKH               
ODUJH³3HUVLD±7LEHW±%XUPD´RURJHQDUHVWLOOPLVVLQJ%LUGSURSRVHVDPRGHORISODWHERXQGDULHV3%
ZKLFKGH¿QHVDVHWRISODWHVWKHPDMRUSODWHVGH¿QHGLQ189(/$DQGPLQRUSODWHVIURPGLIIHUHQW
VRXUFHV 3% DOVR SURYLGHV UHODWLYH DQJXODU YHORFLWLHV ZLWK WKH 115189(/$ 3DFL¿F SODWH DV D
reference.
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6RXGDULQDQG&UpWDX[XVHWKHVLWHRI'25,6WRFRYHURIWKHPDMRUSODWHVGH¿QHGLQWKH189(/







0D[LPXPVSUHDGLQJUDWHV UHVXOWLQJIURPJHRGHWLFPRGHOVDUH WKXV ORZHU WKDQ WKRVH IURPWKH189(/
PRGHOV+RZHYHUJHRGHWLFPRGHOVXVHWKH189(/$PRGHODVUHIHUHQFH:HZLOOWKHUHIRUHGRWKHVDPH
DQG¿[PD[LPXPSODWHVYHORFLWLHVRIRXUPRGHODVIROORZ
- Maximum absolute rotation rate (for one plate) : 22 cm/yr 
- Maximum spreading rate (between to plates) : 20 cm/yr
These two limitations are applied to a point located at the equator of the calculated rotation. 
2.1.2 The driving forces of plate tectonics
“In science a phenomenon or a hypothesis can become so familiar and its utility in providing as explanation, 
or consistent description of a greater number of diverse facts so evident, that the underlying mechanism may 














Figure 2.1.3: Forces acting on plates.
(1): Ridge Push; (2): Slab-Pull; (3): Slab Suction; (4): Trench suction; (5): Slab Roll-Back; (6): Basal drag. Forces due to the 
negative buoyancy of slabs (Slab-pull, suction and roll-back) represent 90% of the driving forces of plate motion. Ridge-
push represents the last 10% (Lithgow-Bertollini and Richards, 1995 and 1998). Basal shear traction is either resistive or 
cumulative depending wehther the plate is moving in the same direction as the mantle beneath or not. The Slab suction 
doesn’t act directly on the plate but maintains the mantle convection.
The plate tectonics theory consistently explains a wide range of phenomenons (from the rise of the 
mountains to the oceans formation). In spite its underlying mechanisms are intensively studied, their secrets 




It is well known that the resulting energy of the heat produced by the radioactive decay of mantle elements 




the asthenosphere is passive with regard to the plate motion and the drag forces will act either as driving or 
resistive forces. 
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o Forces acting on plate boundaries
,QSODWHWHFWRQLFVSODWHERXQGDULHVDUHRIWKUHHPDMRUW\SHVGLYHUJLQJULGJHVVKHDULQJWUDQVIRUPIDXOWV
DQGFRQYHUJLQJVXEGXFWLRQDQGFROOLVLRQ]RQHV
At the diverging limits, plates are pushed apart by gravitational sliding called Ridge push ¿JXUH
ཛڄ7KH5LGJHSXVKIRUFHPD\EHFRQVLGHUHGDV WKHKRUL]RQWDOSUHVVXUHUHVXOWLQJIURPWKHFRROLQJRI WKH
oceanic lithosphere with age, integrated over the oceanic crust (Lister, 1975). In this point of view, ridge push 
LVFRQVLGHUHGDVDERG\IRUFH-XUG\DQG6WHIDQLFNDDQGLWVVWUHQJWKKDVEHHQHVWLPDWHGWR121P
RIULGJHERXQGDU\/LVWHU%RWW+RZHYHU%RWWSURSRVHVDQDOWHUQDWLYHPRGHOLQZKLFK
ridge push arises from the gravity wedging effect of the upwelling mantle beneath the ridge axis. In that case, 
ridge push is considered as a force acting on plate boundaries rather than on the entire lithosphere. The force 
PD\EHWKHQWZRRUWKUHHWLPHVJUHDWHU121PRIULGJHERXQGDU\%RWW
Transform faults are the results of the parallel motion of neighbouring plates. Evidenced by seismic activity, 
the forces applied at the transform faults boundaries are opposed to the motion of each plate. However, (Forsyth 
DQG8\HGDVXJJHVWHGWKDWYLVFRXVKHDWLQJLVUHGXFLQJVWUHVVLQVKHDU]RQHVDQGWKHUHIRUHWKHUHVLVWLYH
forces applied at transform faults can be neglected.
&RQYHUJLQJERXQGDULHVDUHFRPSOH[]RQHVZKHUHPXOWLSOHIRUFHVDUHDFWLQJ)LUVWWKHQHJDWLYHEXR\DQF\
of the cool subducting lithosphere pulls the entire oceanic plate toward the trench. This force is called Slab-
Pull (¿JXUHཛྷ). According to most models, the strength of the slab-pull depends on the slab length, 
WKLFNQHVVDQGDQJOHRIVXEGXFWLRQ:LOVRQ%RWWDQG$VDUHVXOWVODESXOOLVVXSSRVHGWREH






downgoing slab. They consider that the subducting slab is divided into the weak upper mantle and the viscous 
lower mantle. Only the upper part of the slab, lying in the upper mantle, is pulling the plate. Portions of slabs 
lying in the lower mantle must be detached from those in the upper mantle. Their excess weight is supported 
E\WKHYLVFRXVPDQWOHZKLFKGHIRUPVDQGÀRZVLQUHVSRQVH7KHLQGXFHGPDQWOHÀRZFRQYHFWLRQH[HUWV




assumed: the trench suction (¿JXUHཞڄ. The trench suction was supposed to arise in the upper plate 
DWVXEGXFWLRQ]RQHVDQGWRH[HUWDWUHQFKZDUGSXOO,WZDVSUHVXPHGWRUHVXOWIURPVPDOOVFDOHFRQYHFWLRQLQ
WKHPDQWOHGXHWRWKHVXEGXFWLRQ+RZHYHU5R\GHQDQG/RQHUJDQDQG:KLWHSURSRVHGWKDW
the extension observed in the overriding plate stems from the retreat of the subducting slab under its own 
weight. The retreat or slab roll-back (¿JXUH-ཟ) process has indeed been proposed for numerous back-
arc basins opening on Earth. It is thought to be driven by the negative buoyancy of the slab with respect to 
WKHVXUURXQGLQJPDQWOH(ODVVHU*DUIXQNHOHWal.+DPLOWRQ/RQHUJDQDQG:KLWH
0ROQDUDQG$WZDWHU6FKHOODUWDQG/LVWHU:RUWHODQG6SDNPDQ7KHQHJDWLYHEXR\DQF\
force induces backward sinking of the slab and a retreat of the hinge at the surface. The overriding plate is 
IRUFHGWRH[WHQGDQGFROODSVHVWRZDUGWKHUHWUHDWLQJKLQJH(ODVVHU6FKHOODUWDQG/LVWHU6FKHOODUW
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o Forces acting at the bottom of the plates
The forces acting at the bottom surface of plates are due to the viscous coupling between plates and the 
underlying asthenosphere. They are called drag forces (¿JXUHའ ,I WKHUH LV DQ DFWLYHÀRZ LQ WKH
DVWKHQRVSKHUHVXFKDVPDQWOHFRQYHFWLRQWKHGUDJIRUFHVZLOODFWDVGULYLQJIRUFHV+ROPHV-DFRE\
%LUG%RNHOPDQQD,IRQWKHRWKHUKDQGWKHDVWKHQRVSKHUHLVSDVVLYHZLWKUHJDUGWRWKH
plate motion, the drag forces will act either as driving or resistive forces. 
7KHEDVDOVKHDUVWUHVVLVSUREDEO\VPDOOSHUXQLWDUHDLQWKHRUGHURI-203DRUOHVV5LFKDUGVRQ
EXWLVSRRUO\FRQVWUDLQHG1HYHUWKHOHVVGHSHQGLQJRQWKHVL]HRIWKHOLWKRVSKHULFSODWHWKHFXPXODWLYHIRUFH
exerted on the bottom surface could potentially be very large. However, no correlation between plate velocities 
DQGVL]HVKDVEHHQVKRZQe.g. )RUV\WKDQG8\HGD&R[DQG+DUW7KLVODFNRIFRUUHODWLRQKDV
often been used to argue against shear traction as an important plate driving mechanism. The orientation of 
shear stress is assumed to be parallel to the direction of absolute plate motion (e.g.0HLMHUDQG:RUWHO
%RNHOPDQQ E EXW WKLV LV XQFRQVWUDLQHG7KH\PD\ LQGXFH H[WHQVLRQDO RU FRPSUHVVLRQDO LQWUDSODWH
VWUHVVHV0DLQO\GXHWRWKHFRQWLQHQWDOURRWVGUDJIRUFHVEHQHDWKFRQWLQHQWLVVXSSRVHGWREHFRQVLGHUDEO\
JUHDWHUWKDQEHQHDWKRFHDQV)RUV\WKDQG8\HGD&KDSSOHDQG7XOOLV
o Slab-Pull and Roll-Back as driving forces of plate tectonics
Once the main forces known to act on plates have been exposed, we are left with the same question: which 
force or most probably which combination of forces is the leading one? Is it the forces acting on the bottom 
of the plates or on the boundaries?




of arguments contradict with this theory:
- First of all,XQOLNHV\PPHWULFDOFHOOVGHYHORSHGLQDERLOLQJÀXLGWKH(DUWK¶VSODWHVDUHDV\PPHWULFDO
and heterogeneous FRQWLQHQWDO DQGRFHDQLFSDUWV0RUHRYHU WKHYLVFRVLW\ LQ WKHPDQWOH LVQRQ
uniform, the chemical composition heterogeneous, and some of the physico-chemical characteristics 
RISODWH±PDQWOHG\QDPLFVGRQRWFRQIRUPWRWKH5D\OHLJK±%pQDUGPRGHO
- Observations also tend to show that basal drag is not the main driving force of plate tectonics: (a) 
in several places (such as west of southern Chili) 
active spreading ridges are being subducted. 
1HLWKHU JHRSK\VLFDO QRU JHRORJLFDO GDWD LQGLFDWH
that spreading continues along the subducted part 
of the ridge. Why would spreading stop after 
subduction if it was the consequence of mantle 
convection? (b) The locus of spreading along 
VHJPHQWV RI D ULGJH FDQ MXPS ODWHUDOO\ IURP WHQ
to hundreds of kilometres. Ridge spreading can 
also propagate forward across a transform offset 
resulting in closely spaced parallel ridge segments.
How can convection cells account for ridge 
jumps? (c) Intra-oceanic supra-subduction ridges 
VXFK DV WKH6FRWLD ULGJH DUH E\GH¿QLWLRQ FORVH
WR VXEGXFWLRQ ]RQHV This implies either small 
convection cells restricted to upper mantle or 











































Figure 2.1.4: Precentage of circumference of plate con-
nected to downgoing slab. Open bar is total length, filled 
bar is effective length. Effective length is define as the 
length of boundary which is capable of exerting a net 
driving or resisting force. After Forsyth & Uyeda (1975).
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Figure 2.1.5: Comparison of plate velocity fields (in the not-net-rotation reference frame). 
Length and color of the arrows are prportional the magnitude of the velocity. relative to the 
average velocitiy. After Conrad & Lithgow-Bertelloni (2002)
- The lack of good correlation between plate velocities and plate sizes has traditionally been used 
to argue against basal drag. If basal drag was the main driving force of plate tectonics, then the 
bigger the plate (and therefore the larger the bottom surface) is the greater the velocity should be. Such 
a correlation has never been demonstrated. Forsyth and Uyeda (1975) even showed that the larger the 
continental area on a plate is, the slower it tends to move. In recent models, basal shear traction is often 
not considered as dominating plate motions (e.g. Richardson, 1992). 
If the mantle action is not the main force acting on plates then one can suppose that plate motion is the 
UHVXOWRIIRUFHVDFWLQJRQSODWHERXQGDULHV0DQ\DUJXPHQWVDUHSOD\LQJLQIDYRXURIWKLVWKHRU\
- Forsyth and Uyeda (1975) noticed that SODWHVFRQQHFWHGWRGRZQJRLQJVODEDUHFXUUHQWO\PRYLQJ
faster than otheUV¿JXUHZKLFKLPSOLHVDPDMRUFRQWULEXWLRQRIVODESXOOIRUFHV
 2QWKHEDVLVRI¿QLWHHOHPHQWPRGHOOLQJ%RWW concludes that ridge push and slab-pull are 
able to control plate motions without the need of basal drag. 
 7KHSUHVHQWVWUHVVYLVLEOHDWWKH(DUWK¶VVXUIDFHLVWKHFRQVHTXHQFHRIIRUFHVDFWLQJRQSODWHV2QFH
measured, the tectonic stresses provide valuable information on the dynamics of plate tectonics. The 
:RUOG6WUHVV0DS3URMHFW:603FDUULHGRXWDWWKHEHJLQQLQJRIWKH¶VUHSUHVHQWVDQLPSRUWDQW
VWHS IRUZDUG LQ WKH FRPSUHKHQVLRQ RI SODWHV GULYLQJ IRUFHV =REDFN HW al.  =REDFN 
1XPHURXV DXWKRUV DPRQJZKLFK=REDFNDQG5LFKDUGVRQ FRPSDUHG WKH:603GDWD
with various models considering the IRUFHVDFWLQJRQSODWHVERXQGDULHVDVSUHGRPLQDQWDQGIRXQG
good correlations.
-  Lithgow-Bertelloni and Richards (1995 and 1998) extended the correlation through times up to the 
0HVR]RLFDQGVKRZHGWKDWthe main driving force of plate tectonics is the negative buoyancy of 
subducting slabs (namely Slab-Pull and Slab Roll-Back forces) with a contribution of more than 
5LGJHSXVKUHSUHVHQWVOHVVWKDQ&RQUDGDQG/LWKJRZ%HUWHOORQLFRQVLGHULQJWKH
FRQWULEXWLRQPRGHOVKRZHGWKDWWKHSUHVHQWGD\SODWHPRWLRQVDUHHYHQEHVWH[SODLQHGLIWKH
lower mantle slabs drive plate motions by slab suction while upper mantle slabs drive plate motion by 
VODESXOO¿JXUH
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assume that plate motion is mainly driven by the negative buoyancy of slabs. Consequently, in our model, 
plate dynamics (namely break-off and convergence) is controlled by the Slab-Pull and Slab Roll-back 
forces. As those forces are acting on plate limits, every major change in plate motion has to be related to a 
major change in plate boundaries (e.g. initiation of subduction, slab detachment, rift opening ...). Looking 
IRUPDMRUJHRG\QDPLFHYHQWVOHDGLQJWRLPSRUWDQWYDULDWLRQVLQSODWHPRWLRQVUHSUHVHQWVDVHYHUHFRQVWUDLQW
IRUWKHPRGHO$VORQJDVWKHSODWHVDUHQRWFRPSOHWHO\UHFRQVWUXFWHGLWLVQRWSRVVLEOHWRUHFRJQL]HFKDQJHV
neither in their motions (in particular for fully oceanic plates!) nor in their relationships.
7HUUDQHVFRQWLQHQWVDQGSODWHV
7KH¿UVWDLPRIWKLVFKDSWHULVWRH[SODLQZLWKDOOWKHQHFHVVDU\GHWDLOVRXUPHWKRGRORJ\RIUHFRQVWUXFWLQJ
the past and above all to avoid confusion. Geology in general and plate tectonics in particular are fundamentally 
descriptive disciplines with an expending nomenclature. In such a complex nomenclature, confusion sometimes 
UHLJQV HYHQZLWK WKHPRVWEDVLFV WHUPVXFKDV ³7HUUDQHV´ ³&RQWLQHQWV´ DQG³3ODWHV´:HH[SRXQG LQ WKH
present section our vision of what is a terrane and try to precise how important it is to make a clear difference 
between plates and continents in order to tend toward real plate tectonic modelling.
2.2.1 Terranes
Excepted magnetic anomalies, most geological and geodynamic-related data are gathered on continents. 
Continental blocks are the only elements that we are able to replace into the past. However, the present-
GD\ DVVHPEODJH RI WKH FRQWLQHQWV LV WKH UHVXOW RI WKH (DUWK¶V KLVWRU\ ,Q RUGHU WR UHWUDFH WKLV KLVWRU\ LW LV





o History of the “Terrane” concept
7KHWHUP³7HUUDQH´ZDVXVHGORQJEHIRUHWKHDGYHQWRISODWHWHFWRQLFVG¶$XEXLVVRQGH9RLVLQV
pp. 268-269) wrote: “The word Terrane is often taken as a synonym of formation. However, its employment 
is more multifarious and less precise, especially regarding the epoch of production… One could say that in 
geognosy formations are the species and, up to a point, terranes are the genera´ 6FKDUGWZDVWDONLQJ






in the form of the mainly descriptive “allochtonous or suspect tectonostratigraphic terrane´FRQFHSW+RZHOO
et al. (1985) stated (p.4) that a terrane is “a fault-bounded package of rocks of regional extent characterized 
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was only a new formulation of older concepts (see Sengör et al./H*UDQG
:LWKRXWHQWHULQJLQWRWKHGHEDWHZHODUJHO\IROORZWKHODWWHUGH¿QLWLRQ:HFRQVLGHUWKDWDWHUUDQHLVDQ
association of geologic features, such as stratigraphic formations, intrusive rocks, mineral deposits etc... part,or 
DOORILWKROGDGLVWLQJXLVKLQJFKDUDFWHUIURPWKRVHRIDGMDFHQWWHUUDQHV+RZHYHUWKLVLVDODUJHUGH¿QLWLRQ
implying that the boundaries of our terranes are not always tectonic (all the terranes are not “fault-bounded´
Our distinction is made in term of geodynamic environments, thus we use every possibly discriminatory 
data to determine the geodynamic characteristics of a given terrane Good example of another approach to 
WHUUDQHVLGHQWL¿FDWLRQQRWEDVHGRQWHFWRQLFVEXWRQJHRFKHPLVWU\LVJLYHQE\3ODQWHWal. (1999). As we aim 
to reconstruct plate motions, we consider that a terrane must have moved in regard with its surrounding. 
However, this does not mean that every terrane is exotic or far travelled crustal fragment.
,QPRVWFDVHVRXUFRXUVHRIDFWLRQLVWRLGHQWLI\DQGFKDUDFWHUL]HDOOWKHSLHFHVRIWKHSX]]OHWKHWHUUDQHV
EHIRUHWU\LQJWRLQWHUSUHW WKHLUHPSODFHPHQWDQGWKHLUVXEVHTXHQWKLVWRU\7KLVDSSURDFKLVUHÀHFWHGLQ WKH
terminology of terranes, named after geographical features, thus avoiding any implied theoretical context 
or interpretation or any suggestion of genetic relationships with other terranes. However, mainly due to the 
lack of relevant information, we took exception to this practice when the model was unacceptable if using 
WKHWHUUDQHVDVIRUPHUO\GH¿QHG,QWKRVHH[FHSWLRQDOFDVHVWKHWHUUDQHVGH¿QLWLRQZDVDFRQVHTXHQFHRIWKH
model.
o Application: the present-day terrane map of the World
,QDYHU\VLPSOL¿HGZD\DFFRUGLQJWRPRGHUQ³WHUUDQRORJLVWV´WHUUDQHVDVVHPEODJHVIRUPWKHIROGEHOWV
surrounding cratons. The craton-terranes association makes up the continents. In our point of view, terranes 
represent the smallest geodynamically consistent entities with no distinction in terranes types. It is therefore 






of their existence are now lying on the continents. In the same way, small oceanic remnants found 
in the midst of continental assemblage are crucial for the reconstructions. In these cases we also 
GH¿QHGRFHDQLF7HUUDQHV
 /DUJHUFRQWLQHQWDOIUDJPHQWVPRYLQJRQWKHLURZQDIWHU0De.g. Baltica, Siberia...) are also 
considered as Terranes even if they are constituted of smaller terranes assembled before that.
The present shapes of the terranes are the consequences of their respective histories. For instance, the 
present day ribbon-like aspect of the Himalayan terranes is due the Indo-Asian collision. It seems obvious 
that their east-west elongation results from the north-south compression. But, without a very complex tectonic 
analysis, there is no way to retrieve their original shapes. As a result, on our model, the terranes always keep 
their present day shape which is used as a geological marker. Their shape is a guide but not a constraint, 
particularly in the cases of highly deformed terranes (e.g.RURFOLQDOEHQGLQJZKLFKZLOOQHYHU¿WLQWRWKHLU
supposed original shape. Thus:
- On the reconstructions, some plate limits are passing through the terranes representation whereas 
no traces of these limits are directly observable today in these areas.
- A part of a terrane can lie in the oceanic domain whereas no pelagic sediments are known (and 
vice-e-versa).
- In order not to underestimate the tectonic extension affecting some areas, some terranes are 
VXSHUSRVHG ,Q WKH VDPH ZD\ WR LQWHJUDWH ODUJH FRPSUHVVLRQDO HYHQWV SUHVHQWO\ MX[WDSRVHG
terranes are separated and sometime subdivided. 
 1RWDOOWKHWHUUDQHVYDOXDEOHIURP&DPEULDQWLPHRQZDUGV$VDFRQVHTXHQFHall the terranes 
are not present on all the reconstructionVRPHRIWKHPDSSHDUSURJUHVVLYHO\+RZHYHUonce
LWDSSHDUHGQRWHUUDQHZLOOGLVDSSHDU7KH\KDYHEHHQGH¿QHGRQWKHSUHVHQWGD\PDSRIWKH



































TERRANE MAP OF THE WORLD
Fig 2.2.2
Fig 2.2.3
Figure 2.2.1: Terrane Map of the World.  Rectangle areas represent the extensions of Figures 2.2.2 and 2.2.3
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Figure 2.2.2: Terrane Map of Europe
Figure 2.2.3: Terrane Map of South Asia
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([DPSOHRI7HUUDQHVGH¿QLWLRQ
The terranes located between the North China and the Mongolia are good examples of our manner to 
GH¿QHWKHWHUUDQHV;LDRHWDOSURSRVHGDGH¿QLWLRQRIVHYHQWHUUDQHVIURPWKH6RXWKWR1RUWK WKH
North China Craton, the Bainiaomiao Arc, the Ondor Sum subduction-accretion complex, the Erdaojing 
DFFUHWLRQFRPSOH[WKH%DROLGDRFRPSOH[WKH+HJHQVKDQRSKLROLWHVDQGWKH8OLDVWDLDFWLYHPDUJLQVHH¿JXUH
D$FFRUGLQJWRRXUPHDQLQJLWLVSRVVLEOHWRGLIIHUHQWLDWHWZRWHUUDQHVLIWKH\UHSUHVHQWWZRGLIIHUHQW
JHRG\QDPLFHQYLURQPHQWV ,Q WKLVSRLQWRI YLHZZHFRXOGKDYH VLPSO\ IROORZHG WKH7HUUDQHVGH¿QLWLRQRI
;LDRHWDO+RZHYHULQRXUSRLQWRIYLHZWZRWHUUDQHVDUHGLVWLQFWRQO\LIWKH\PRYHGZLWKUHVSHFW
WRRQHDQRWKHU$FFRUGLQJWR<XHHWDOWKH%DLQLDRPDR$UFLVGXHWRD0LGGOH2UGRYLFLDQWR6LOXULDQ
southward subduction under the North China craton. Thus, the Bainiaomao Arc terrane never moved with 
regard to the North China craton. In the same way, the Ondor Sum subduction-accretion complex represents 
an accretionary prism due of the collision between the North China craton and the Baolidao micro-continent. 




of terranes definition. 
a) Terrane Map from 
Xiao et al., 2003 with 
correspondance to our 
terranes on the right. 
b) Extract of the Ter-
rane Map defined in 
the present study. The 
data used to define the 
North China Terrane, 
the Solonker Terrane, 
the Baolidao Terrane 
and the Nuhetdavaa-
Enshoo Terrrane are 
from Badarch et al., 
2002; Bian et al., 2004; 
Chen et al., 2000; Cope 
et al., 2005; De Jong et 
al., 2006; Jian et al., (in 
press); Kim et al., 2001; 
Li, 2006; Ni et al., 2006; 
Wu et al., 2002; Xiao et 
al., 2003; Yue et al., 2001; 
Zhang et al., 2007a; 
Zhang et al., 2007b; 
Zhang et al., 2007c; 
Zhang et al., 2006. See 
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Chapter 2:  Global Scale Plate Tectonics Modelling
)ROORZLQJ WKH VDPH SULQFLSOHV ZH GH¿QHG  WHUUDQHV PDLQO\ GLVWULEXWHG LQ (XUDVLD DURXQG WKH
GLVDSSHDUHG7HWK\DQ5HDOPVHH¿JXUH¿JXUHDQG¿JXUH7KHZRUNRIWHUUDQHVGH¿QLWLRQLV
still in progress for the rest of the world. 
7KHVPDOOHVWWHUUDQHGH¿QHGLV%XGYDRQWKH$GULDWLFFRDVWRI0RQWHQHJURZLWKDVXUIDFHRI¶NP2.



























Figure 2.2.5: Distribution of Terrane areas. (a) In square kilometers, the distribution appears inversely exponential with a 
minimum value of 2.10³ km² and a maximum value of 16.106 km². The avarage value is around 49.10³ km². (b) In a logarith-
mic base, the distribution becomes typically Gaussian with a maximum value of 5.16  ±0.617 corresponding to a surface 
of 105.16  km² ± 100.617 (145.10³ km² ±4.14). This Logarithmically Gaussian distribution is typical of geological issues. For 
instance, it is possible to find the same distribution when considering the size of  grains in rocks.
2.2.2 The roles of continents and plates in our model: The “dynamic plate boundaries” concept. 
It may be appear obvious to the reader, but we want to claim here once again that plates and continents 
are different.
An important confusion frequently reigns in the plate tectonicists community between terranes, continents 
and plates terms which are sometimes equally used. Good examples of this confusion are the various softwares 
GHYHORSHGE\GLIIHUHQWODERUDWRULHVVXFKDV3DOHR*,6IURP5RWKZHOO*URXSDQGLQLWLDOO\GHYHORSHGE\05RVV
and C. Scotese), GLG-Plates (from Edinburgh University), GPlates (currently developed by an international 
FRQVRUWLXPPDLQO\FHQWUHGRQWKH,QVWLWXWHRI0DULQH6FLHQFH6\GQH\8QLYHUVLW\LQ$XVWUDOLDDQG3ODWHVIURP
the University of Texas Institute for Geophysics), independently to their own qualities. The main issue of all 
these softwares is to allow the user to reconstruct plates on the globe. To do so, the present-day continents are 




not enough to divide continents into pieces and to rotate them back into the past to do plate tectonics. This is 
closer to continental drift. A consequence of this is that an important part of the maps produced by searchers 
ZLWKWKRVHVRIWZDUHVVKRZVFRQWLQHQWDOUHGLVWULEXWLRQZKLOHSURFODLPLQJGRLQJSODWHVWHFWRQLFV9HU\OLWWOH
attention (if not at all) is paid to plate limits on such reconstructions whereas they are of the utmost importance 
IRUSODWHWHFWRQLFVPRGHOOLQJVHHVHFWLRQVDQG
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Figure 2.2.6: Example of “Plate” reconstruction obtained with PaleoGIS 3 software for Early 
Cenozoic time (64 Ma). Only continental blocks are replaced in their past positions. Plate 
boundaries are missing. Source: http://www.paleogis.com
o Principles of Dynamic Plate Boundaries
7RHVFDSH:HJHQHULDQDSSURDFK6WDPSÀLDQG%RUHODQGFRQVLGHUHGSODWHOLPLWVDVFHQWUDO
features of tectonic reconstructions and developed the concept of dynamic plate boundaries. In the present 
study we use this concept and look at it as the main issue of this work.
7KH'\QDPLFSODWHERXQGDULHVFRQFHSWLVFHQWUHGRQWZRDVVHUWLRQV
 7KHOLWKRVSKHULFSODWHVDUHGH¿QHGE\WKHLUOLPLWVQDPHO\ULGJHVVXEGXFWLRQ]RQHVDQGWUDQVIRUP
faults (see section 1.1.2).
- Except during continental collisions, plates are considered as rigid and not deformable. The only 
evolving elements are the plate boundaries.
3ODWHERXQGDULHVDUHFRQVLGHUHGDV³G\QDPLF´EHFDXVHWKH\DUHalways preserved from one reconstruction 
to the next and follow a consistent geodynamic evolution. Old ridges may give birth to new ridges or may 
DERUWWUDQVIRUPIDXOWVPD\EHFRQYHUWHGLQWRVXEGXFWLRQ]RQHVHWF
Basically, two moving plates can either converge or diverge.  Possible dynamic evolutions of convergent 





Possible dynamic evolutions of divergent plate limitsDUHOLVWHGLQ¿JXUH6HSDUDWLQJSODWHVZLOO¿UVW
give birth to a rift if the separation occurs in the continental realm but will always eventually be separated 
by a ridge. The newly produced material is preserved as synthetic isochronV6HHWKH¿JXUHIRr further 
VSHFL¿FVFHQDULRV
On the schematic representDWLRQVRI¿JXUHVDQGRQO\RQe boundary is considered, however, on 
complete reconstructions the issue is much more complicated:
- The very simple scenarios shown on each diagram are linked into much more complex scenarios 
WKURXJKVSDFH$1'WKURXJKWLPHVHHVHFWLRQEHORZ
- As plate limits are interconnected, a change on a single plate limit will generate important issues on the 
RWKHUERXQGDULHVRIWKHFRQVLGHUHGSODWH$1'RQLWVVXUURXQGLQJV
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Schematic representation of dynamic plate 
boundaries possibilities in convergence situation. 
Plate boundaries are kept from one block of a 
diagram to the other. 
Legend: 1 - Passive Margin; 2 - Syntethic Isochron; 
3 - Intra-oceanic subduction; 4 - Transform Fault 5 - 
Mid-oceanic Ridge; 6 - Active Margin; 7 - Rift; 8 - 
Suture; 9 - Active Thrust
a1
a2
Plate A Plate B
Plate A and B are first  
moving tangentially. 
Due to a kinematic 
reorganisation, the 
plates are coming 
together. The 
transform fails and 
Plate A is passing 
under Plate B. Plates 
are preserved, the 
transform becomes a 
intra-oceanic 
subduction zone. The 
subducted material is 
removed.
Plates B and C 
converge. The Ridge 
R0 will subduct under 
the continental part of 
plate C. Once the 
ridge is subducted, 
the slab is   
detached, creating a 
“slab-window”. If the 
subduction  stops, 
the active margin 
becomes passive. 
Plate B  disappears. 
Plate A and C are 
assembled in a single 
plate D.
Initially moving 
apart, the plates are 
coming together. 




The oceanic crust 
of the upper plate B 
is preserved while 
the subducted crust 









Plate A passes 
under compression. 
The passive margin 
is converted into  
active margin which 
forms a new plate 
limit. Plate A gives 
birth to plate B and 
C.
Plate A Plate B
Lower Plate Upper Plate
Plate C
Plate A Plate B
Lower Plate Upper Plate
Plate A and B are 
comming together. 
The thrust is active 
and plates are 
preserved as long 
as the convergence 
is effective. Once 
the convergence 
stopped, the plates 
are sutured into a 
new plate C. 
Dynamic Plate Boundaries Basics
Part I: Convergence
R0 a1a1a2 a2
Plate A Plate B
Plate A Plate B
a1a2a3 Upper Plate




























Figure 2.2.7: Principles of Dynamic Plate Boundaries, Part I: Convergence
39
Chapter 2:  Global Scale Plate Tectonics Modelling
R1a2 a2
R0 a1a1a2 a2
Plate A Plate B
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Dynamic Plate Boundaries Basics
Part II: Divergence









a new ridge 
(R0) appears.
Plates A and B 
are preserved.
Plate A is under 





occur behind the 
the passive 
margin, in the 
continental crust. 
Extension in 
Plate A will give 
birth to plate B 
and C once the 
oceanic ridge 








Plate A Plate B
Plate A Plate B
Plate A and B are 
moving apart. After 
a short spreading, 
R1 will jump laterally 
into plate B to give 
birth to R0. Plate A 
size brutally grows 
up. The isochrons 









Plate C Plate D
Plates A and B 
are coming 
together because 
plate A is moving 
faster than B. As 
the subducting 
slab is retreating, 
plate B is under 
extension. The 
break-off will 
occur in the 
continental curst 
and plate C and 























Schematic representation of dynamic plate 
boundaries possibilities in divergence situation. 
Plate boundaries are kept from one block of a 
diagram to the other. 
Legend: 1 - Passive Margin; 2 - Syntethic Isochron; 
3 - Intra-oceanic subduction; 4 - Transform Fault 5 - 
Mid-oceanic Ridge; 6 - Active Margin; 7 - Rift; 8 - 












Figure 2.2.8: Principles of Dynamic Plate Boundaries, Part II: Divergence
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Plates may also be only made up of oceanic crust (e.g.1D]FDSODWH,QWKHSDVWRQRXUUHFRQVWUXFWLRQVZH













Figure 2.2.9: Map representation of Plates, Continents and Terranes as they appear on the reconstructions. The plates 
are delimited by ridges, transform faults and subduction zones. Continents are delimited by active or passive margins. 
The shapes of terranes (defined in present-day situation and brought back in past positions) lie on continents but are 
not fully contiguous until they are in their relative final position. (1) - Passive Margin; (2) - Syntethic Isochron; (3) - Intra-
oceanic subduction; (4) - Transform Fault (5) - Mid-oceanic Ridge; (6) - Active Margin;
Plate limits brought from one reconstruction to the next through time provide important geometrical 
constraints. According to our main principles, the plates are rigid and must not be deformed. They are moved 
as a single element. Thus, gaps and overlaps between plates appear clearly. Gaps are compensated with Rifts 
RUVHDÀRRUVSUHDGLQJ2YHUODSVJLYHELUWK WRFROOLVLRQ]RQHVDFWLYHPDUJLQVDQG LQWUDRFHDQLFVXEGXFWLRQ
]RQHV7KHVXEGXFWHGPDWHULDOLVUHPRYHG
However, an important caution concerning continental collisions has to be emphasised. Looking at the 
highly deformed Himalayan Terranes for instance, it is obvious that during the indo-eurasian collision the 
continental crust has been deformed. Such Intra-plate deformations have recently been highlighted by the 
JHRGHWLFPHDVXUHPHQWV VHH VHFWLRQ7KXV LQ RXUPRGHO LQ WKH VSHFL¿F FDVHRI FRQWLQHQWDO FROOLVLRQ





7KH DSSOLFDWLRQ RI ³G\QDPLF SODWH ERXQGDULHV´PHWKRGRORJ\ KDV WZR LPSRUWDQW FRQVHTXHQFHV IRU WKH
model:
- As the plate boundaries evolution has to be geodynamically consistent, the reconstruction work must 




- The reconstructions are inter-dependant. In other words, during the reconstruction work every single 
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change applied on a plate has some implications not only on the following reconstructions but also on 
the previous ones. The reconstruction work is fundamentally iterative. For instance, if the position 
of a terrane on a Cretaceous reconstruction is inconsistent with respect to the model constraints and if 
the terrrane is present since the Cambrian time, it willl be necessary to correct its positions on all the 
reconstructions created between the Creataceous and the Cambrian time.
By moving plates as single entities we can follow the geodynamic changes caused by the relative 
PRYHPHQWV RI SODWHV LQGXFLQJJDSV DQGRYHUODSV0DMRU JHRG\QDPLF HYHQWV DOZD\V OHW LPSRUWDQW SULQWV
LQ WKH JHRORJLFDO UHFRUGV$OO WKH FKRLFHV LPSOLHG E\ WKH DSSOLFDWLRQ RI WKH ³'\QDPLF 3ODWH%RXQGDULHV´
principles have, therefore, to be confronted to the reality of geological data. The use of the geological data is 
detailed in section 2.5
'\QDPLFSODWHERXQGDULHVSULQFLSOHVFDQEHVXPPDULVHGDVIROORZ
- The reconstructions are created from the past to the present.
- From one reconstruction to the next, the plates are moved as single rigid entities. Except during the 
continental collisions, the only evolving elements are the plate boundaries.
- Plate boundaries are preserved between two reconstructions and follow a geodynamically consistent 
HYROXWLRQ 7KH GLYHUJHQFH RI SODWHV LGHQWL¿HG E\ JDSV EHWZHHQ ULJLG SODWHV LV FKDUDFWHULVHG E\
H[WHQVLYH OLPLWV VHH¿JXUH WKHFRQYHUJHQFH LGHQWL¿HG WKDQNV WRRYHUODSVE\FRPSUHVVLYH
OLPLWVVHH¿JXUH
 7KH UHFRQVWUXFWLRQ ZRUN LV LWHUDWLYH 5HFRQVWUXFWLRQ PRGL¿FDWLRQV ZLOO LQÀXHQFH IROORZLQJ$1'
previous reconstructions.
3ODWH PRWLRQV RQ WKH (DUWK¶V VXUIDFH VSKHULFDO JHRPHWU\ EDVLFV       
We placed the lithospheric plates in the heart of our issue, but do we know how plates are moving over 
the spherical surface of the Earth? How is it possible to see whether two plates are moving away or coming 
together? We want to add some kinematic constraints on our model but can we quantify the absolute plate 
velocities? The amounts of convergence? The spreading rates? 
6LQFH(UDWRVWKHQHV WKUHHFHQWXULHVEHIRUH&KULVWZHNQRZ WKDW WKH(DUWK LVQRWÀDW0DSVDUHD WZR
GLPHQVLRQDOUHSUHVHQWDWLRQRIRXUWKUHHGLPHQVLRQDO(DUWK'XHWRWKHSDVVDJHIURPWKH'WRWKH'IHDWXUHV
FRQWRXUVUHSUHVHQWHGRQPDSVEHFRPHGLIIHUHQWZKHQWKH\DUHPRYLQJRUZKHQWKHSURMHFWLRQLVFKDQJHG,Q
plate tectonics modelling, most of the elements are considered as rigid and mostly not deformable, and some 




plate tectonics. For extensive information, e.g.VHH&R[DQG+DUW*ROGVWHLQ*UHLQHU.
2.3.1 Euler’s poles of rotations and plate boundaries
7KHPDWKHPDWLFDOEDVHPHQWIRUPRWLRQVRQDVSKHUHLV(XOHU¶VWKHRUHP7KLVWKHRUHPSUHGLFWVWKDWWKH
JHQHUDOPRWLRQRIULJLGHOHPHQWVRYHUWKH(DUWK¶VVXUIDFHFDQDOZD\VEHGHVFULEHGE\DURWDWLRQ*ROGVWHLQ
7KLVURWDWLRQ LVSUHIRUPHGDURXQGDQD[LVSDVVLQJ WKURXJKWKHFHQWHURI WKH(DUWK7KH LQWHUVHFWLRQ
EHWZHHQWKLVD[LVDQGWKH(DUWK¶VVXUIDFHLVWKH(XOHULDQSROHRIURWDWLRQRIWHQVLPSO\FDOOHG(XOHUSROHRI
URWDWLRQVHH¿JXUH
Euler rotation describes how a single point rotates on a sphere but is also applicable to groups of points 
GH¿QLQJIHDWXUHVPDNLQJXSSODWHV*URXSVRISRLQWVPRYLQJZLWKWKHVDPHSROHRIURWDWLRQZLOONHHSWKHLU
UHODWLRQVKLSVRQWKHVSKHUHZLWKRXWFRQVLGHUDWLRQWRWKHV\VWHPSURMHFWLRQXVHGWRUHSUHVHQWWKHVSKHUH7KLV
property of Euler rotations is particularly useful in plate tectonics model as we consider plates as rigid. The 
relation between the compounding elements of plates must never change. In plate tectonic modelling, two 
types of Euler Poles are considered: ¿QLWHRUWRWDOSROHV and stage poles. 
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Finite poles describe the rotation of a feature starting from its present-day position and going backward 






ROT . Such rotations can be used to replace the terranes on reconstructions 




















































Figure 2.3.2: The use of finite poles of rotation to 
replace plates on the basis of magnetic anomalies. 
Plate A remains fixed. Plate B will be replaced to its 
position at time 1 by turning around the finite pole 
of rotation E.  An infinity of small circles passing 
through points a and a’ can be defined but their is 
only one solution to define two concentric circles 
passing through points a and a’ AND through points 
b and b’. The center of the two circle is the finite pole 
of rotation. Turquoise lines represente the flowlines 
of the plates (corresponding to idealized fracture 
zones) between two stages of motion.
Figure 2.3.1: Eulerian rotation on a sphere.
Stage poles describe the relative motion of moving elements during a period of constant rotation. With the 
same notation, the stage rotation of the element B with respect to the element A between time 1 (t1) and time 
WZLOOEHV\PEROL]HG .
In plate tectonic modelling stage poles are used to move lithospheric plates from one step to the next. 
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Hence, they describe the relative motions of plates and, consequently, they control the nature of plate limits:
- If plate A and plate B are moving together between time t1 and time t2, assuming that those plates have 
DFRPPRQERXQGDU\DWWWKLVERXQGDU\ZLOOEHDVXEGXFWLRQ]RQHRUDFROOLVLRQ]RQH
-  If they are moving apart, the plate boundary will be a ridge and the shape of the ridge will depend on 
the relative pole of rotation. Oceanic transform faults will follow small circles around the stage pole, 
and ridge fragments will be perpendicular to transform faults, following a great circle passing through 
the stage pole. Thus, the ridges preserved on following reconstructions as synthetic isochrons witness 
the previous behaviour of plates. 




















Figure 2.3.3: Plate limits. 
resulting from Eulerian rota-
tion.  The plates A and B are 
moving apart around the ro-
tation pole E. Transform faults 
follow small circles centred 
on E. Ridge fragments  follow 




& RQWKH(DUWK¶VVXUIDFHLVGH¿QHGE\LWVJHRJUDSKLFDOODWLWXGH LP and  longitude JP or by its Cartesian 
coordinates xP , yP  and zP .
        
Where:
JL PPRPx coscos 
JL PPRPy sincos         
LPRPz sin 
:KHUH5LVWKH(DUWK¶VUDGLXV)RUVLPSOL¿FDWLRQWKH(DUWK¶VUDGLXVLVGH¿QHGWR5 $URWDWLRQRQDVSKHUH
LVGH¿QHGE\DQ(XOHUSROHE&  (also called rotation pole) and by an Euler angle : (also called angle of rotation, 
VHH¿JXUH7KHDQJOH: LVPHDVXUHGFRXQWHUFORFNZLVH7KXVWKH(XOHUURWDWLRQLVGH¿QHGDVIROORZ
(XOHUURWDWLRQ  ],[ :EROT &        
Cox and Hart (1986) stated that a point P
&
 can be rotated to a position Pc& by multiplying a rotation matrix 
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&&  c           
AUHSUHVHQWVD[PDWUL[,QRUGHUWRGHULYH$WKHURWDWLRQLVGLYLGHGLQWRWKUHHVLQJOHURWDWLRQV
First, a transformation T of the original coordinate system into a coordinate system where E
&








































R       
Then, a transformation 1T back to the original coordinate system. 1T  is the inverse matrix of  T. T is a 
transformation of an orthonormal basis, so T is an orthogonal matrix. The inverse 1T is equal to the transposed 
matrix TT . TT is obtained by switching the rows and the columns of T.
Thus, the total rotation A becomes:


























A             
Because of the orthogonality of the associated matrices, the rotation poles have the useful propriety that:
 and      
Using the matrix notation, if PAPB
&&  c and BPAP c 
&&
1  for a point P
&
on plate B with respect to plate A, then 
PAPA
&&
1 c and APAP c 
&&
 for a point P
&
on plate A vs. B.
If a third rotation of plate C relative to plate B ( tCB ROT
 ) is known, the motion of plate C relative to plate 







        
1RPDWWHUKRZPDQ\SODWHVDUHFRPSULVHGEHWZHHQ$DQG&DVORQJDVWKHUHODWLYHURWDWLRQVRISODWHVDUH









 ...       
With the same approach, using plate stage poles, if all rotations of a single plate between time t and time 
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t
n
 are known, it is possible to summarise all the rotations in a single rotation by adding them.
     







         
1RWH WKDW WKH URWDWLRQA
2







  , then generally tBAtCBtCA ROTROTROT  z VHH¿JXUH
The components of the matrix A resulting from the multiplication of A1 and A2 can be derived by using WKH(T:HREWDLQ
        
From which we can derive:
   
        
    
With a range of:  such that qd:dq 
Using the addition of rotations it is possible to 
calculate the stage pole of plate B with respect to 
plate A between time t
1
 and time t
2
 IURPWKH¿QLWH




 by saying that:
   
     
1RWLFH WKDW DV URWDWLRQV DUH QRW FRPPXWDWLYH
VWDJH SROHV UHTXLUH PRUH FDXWLRXV XVDJH DV ¿QLWH
SROHV(TVLQFH
but























Figure 2.3.4: Rotation commutativity. Rotations are 
not commutative in addition. The results of a rotation 
A followed by a rotation B and of rotation B followed 
by rotation A are different.
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represented as vectors, rotations should be commutative in addition and we shown in the previous section that 




&&  c becomes PIP && )( E c  if E LVDQLQ¿QLWHVLPDOURWDWLRQ  
7KHQWKHSURGXFWRIWZRLQ¿QLWHVLPDOWUDQVIRUPDWLRQVEHFRPHV
LIKLJKHULQ¿QLWHVLPDOV 21EE  and 12EE  are neglected.             
,Q¿QLWHVLPDOURWDWLRQVDUHWKXVFRPPXWDWLYHLQDGGLWLRQDQGWKH\FDQEHUHSUHVHQWHGE\DYHFWRU :&d  that is 
parallel to the axis of rotation E
&
and has a length equal to the small angle of rotation :d $VWKHLQ¿QLWHVLPDO
URWDWLRQPDWUL[İLVDQWLV\PPHWULFWKHFKDQJHLQSRVLWLRQ PPd && E can be written as:
:u dPPd &&          
The vector Pd
&
is perpendicular to both :&d  and P& VHH¿JXUH,WVPDJQLWXGH equals :dR Qsin
(withQ the angle between P& and :&d ). By dividing the equation by the differential time dt one obtain: 
         
Where W& has the orientation of the axis :&d  at time t and is called instantaneous axis of rotation. Its 
magnitude LVGH¿QHGDVWKHLQVWDQWDQHRXVDQJXODUUDWHRIURWDWLRQ
The instantaneous rate of motion at P
&
 therefore equals:
       
2Q(TZHFDQQRWLFHWKDWWKHLQVWDQWDQHRXVUDWHRIPRWLRQRIDSODWHLVPD[LPXPLI 1sin  Q and





 at a given time t. Present day current plate motions are describe by such instantaneous rotations (see section 
)RUDVSHFL¿FWLPHVSDQ>WW@LIZHDVVXPHWKDWWKHUDWHRIPRWLRQUHPDLQVFRQVWDQWZHFDQGH¿QH
the average rotation rate W  as
         
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The global velocity vectorV
&
describing the rotation 
around the pole E
&
 at point P
& FDQWKHQEHGH¿QHGDV
)()()( PERPREV






 are considered as vectors and R is 
WKH(DUWK¶VUDGLXV
The rate of motion will equal the length of the velocity 
vector:
QWW sinRPERVV  u  &&&
    
     
WithQ  the angular distance between pole E&  point P& .
2.3.4 Interpolations of rotations and dynamic plate boundaries
Finite and stage rotation poles can also be used to replace a feature in an intermediate position between 




 for the feature A with respect to feature 
B are known and if the desired age t
x




, the intermediate rotation angle is:
        





 where  
Interpolated rotation poles obtained are used in reconstructions to redistribute the continental blocks 
through times, even when no paleomagnetic or paleogeographic data are availble. But we want to put an 
important caution to such a method which, once again pay no attention to plate boundaries. By lineary 
LQWHUSRODWLQJWKHSRVLWLRQRIWKHFRQWLQHQWDOEORFNVLWLVYHU\GLI¿FXOWLIQRWLPSRVVLEOHWRNHHSDFRQVLWHQW
evolution for the plates. Plates are rigid and their components must move all together. We always prefer 
moving all existing plates from time t
1




 older than t
x
) by using their respective stage poles and 
WKHHTXDWLRQ8VLQJWKLVPHWKRGJDSVDQGRYHUODSVEHWZHHQSODWHVDSSHDUFOHDUO\DQGWKHSULQFLSOHV
of dynamic plate boundaries can be applied. Reconstructions are always created from the past to the 
present.
2.4 Looking for an absolute Reference Frame
,Q¿UVWRUGHUSODWHWHFWRQLFVPRGHOOLQJFDQEHVXPPDULVHGLQDVLQJOHTXHVWLRQ+RZSODWHVGRPRYH":H
saw in the previous chapter how Euler poles are able to describe plate motions. However, poles of rotations 
are meaningless if they are used without consideration to a reference frame. 
In section 2.1.1, we saw that present-day plate motions could be estimated in a relative manner (e.g.50
DQG189(/PRGHOVRULQDQDEVROXWHPDQQHUe.g.115189(/PRGHOV:RUNLQJZLWKSDVWSODWHPRWLRQV




allows easily following the plate boundaries evolution.






Figure 2.3.5: Vector 
variation due to an 
infinitesimale rota-
tion. From Goldstein, 
1950
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UHODWLYH SODWH SRVLWLRQV VHH VHFWLRQ  +RZHYHU WKH VFRSH RI RXU ZRUNV 0D WR 0D LVPXFK
ODUJHUWKDQWKHWHPSRUDOH[WHQVLRQRIH[LVWLQJDQRPDOLHV0DWRSUHVHQWGD\,QWKHDEVHQFHRIPDJQHWLF
anomalies, plates are replaced according to paleomagnetic poles. The choice of a reference plate is, therefore, 
FUXFLDODVLWDIIHFWVWKHSRVLWLRQVRIDOOWKHSODWHV%XUNHDQG7RUVYLN
We mentioned section 2.1.2 that one of our main modelling constraints is the limitation of the absolute 
SODWHYHORFLWLHVWRFP\7KHSDVVDJHIURPDUHODWLYHWRDQDEVROXWHUHIHUHQFHIUDPHLVSRVVLEOHLIWKHPRWLRQ
of the reference plate is known. It has long been assumed (and taken for granted) that hotspots and mantle 
SOXPHVZHUHVWDWLRQDU\RUPRYHGDWLQVLJQL¿FDQWVSHHGVUHODWLYHWRSODWHYHORFLWLHVe.g.0RUJDQ0OOHU
et al.8QGHUWKLVDVVXPSWLRQKRWVSRWVSURYLGHDVXLWDEOHIUDPHZRUNIRUGHWHUPLQLQJDEVROXWHSODWH











With a relative or absolute approach, the choice of the reference plate (and its corresponding paleomagnetic 
data) is, thus, of the utmost importance. We focused on two main criteria: 
- How important is the reference plate for our reconstructions?
- How certain (or uncertain) are the paleomagnetic data associated to the reference plate?
6LQFHWKHEHJLQQLQJRIWKHUHFRQVWUXFWLRQZRUNLQ/DXVDQQH3U6WDPSÀLDQGLWVVXFFHVVLYHFRZRUNHUV




However, in paleomagnetic studies very little attention is paid to the kinematic implications of the results, 
whereas the present study is centred on plate kinematics. It is, therefore, necessary to estimate the kinematic 
consequences of such choice.
2.4.1 Kinematic test with paleomagnetic data from Baltica
The aim of our kinematic test is to estimate the plate velocities generated by the paleo-poles of Baltica 
SURYLGHG E\7RUVYLN DQG &RFNV  3DOHRPDJQHWLF GDWD \LHOG SDOHRODWLWXGHV DQG DQJXODU URWDWLRQV RI
continents, however, the paleolongitudes remain unconstrained. We considered the Baltica terrane as the 
smallest element, which always belonged to the Baltica lithospheric plate. As a consequence, we selected its 
contour as reference shape.  In order not to overestimate the rotation rates, we calculated, following Torsvik 
et al.DVHWRI¿QLWHURWDWLRQSROHVWDEOHPLQLPLVLQJWKHORQJLWXGLQDOYDULDWLRQVRIWKHUHIHUHQFH
terrane by keeping the barycentre (obtained through eigenvector calculation) of the Baltica terrane at a constant 
ORQJLWXGH7KHUHIHUHQFHIUDPHZLWKD³0LQLPXP/RQJLWXGLQDO9DULDWLRQ´LVUHIHUUHGKHUHDIWHUDV³0/9´
1HYHUWKHOHVVZH FRQVLGHU DV KLJKO\ LPSUREDEOH WKDW WKH%DOWLFD WHUUDQH DQG WKHUHIRUH WKH SODWH FDQ
remain at a constant longitude through time. As a consequence, we developed a second path of Baltica. We 
chose to replace the palaeo-poles on the geographic South Pole using a simple rotation along a great circle. 
Such rotation corresponds to the shortest path between the present pole and the paleo-poles. The resulting 
UHIHUHQFHIUDPHLVUHIHUUHGKHUHDIWHUDV³3VHXGR$EVROXWH5HIHUHQFH)UDPH´RU36$5)
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The terrane paths obtained 
ZLWK0/9 DQG 36$5) UHIHUHQFH
IUDPHVDUHVKRZQRQ¿JXUH
a. Based on these two paths, we 
computed the stage poles leading 
from one position of Baltica 
terrane to the next.  The maximum 
velocity corresponds to the point 
of the Baltica contour the furthest 
from the stage pole.
Considering the path of baltica 
(see 2.4.1-c) and of the resulting 
YHORFLWLHVWDEOH	ZH
can divide the paleomagnetic data 
into two periods: before and after 
0D
%HIRUH0DSDOHRPDJQHWLF
data have an average A95 value 
HTXDO WR   ZLWQHVVLQJ
a poor quality. Baltica fastest 
SRLQW LV PRYLQJ DW  FP\U
LQ36$5)EHWZHHQDQG
0D DQG WKH DYHUDJH YHORFLW\ LV
HTXDO WR   FP\U ,Q
0/9 UHIHUHQFH IUDPH WKH IDVWHVW
SRLQWRI%DOWLFDLVPRYLQJDW
FP\UDQGWKHDYHUDJHYHORFLW\LV
HTXDO WR   FP\U 7KH
difference between the average 
YHORFLWLHV0/936$5)LVHTXDO
WRFP\U7KLVYDOXHLV
indicative of an important rotation 
RQ LWVHOI RI %DOWLFD EHWZHHQ 
0DDQG0D
%\FRPSDULVRQDIWHU0D
the average velocity in PSARF is 
HTXDOWRFP\UDQGWKH
maximum velocity is not higher 
WKDQFP\U%HWZHHQDQG
0D7KHGLIIHUHQFHEHWZHHQ
the two reference frames is low 
FP\ULQDYHUDJH
3ULRUWR0DSDOHRPDJQHWLFGDWDIURP%DOWLFDVKRXOGEHYLHZHGZLWKLPSRUWDQWFDXWLRQV
- Forsyth and Uyeda (1975) showed that the larger the continental area on a plate is, the slower it tends 
to move. Through time, the Baltica terrane belonged either to a single plate (Baltica) or to bigger 
assemblages (Laurussia, Laurasia, Pangea). These very large plates have an important continental part 






















































530.00 53.46 5.78 150.54
510.00 -172.03 -4 .44 143.01
500.00 -172.03 -4 .44 143.01
490.00 -172.03 -4 .44 143.01
480.00 141.93 -0 .57 114.14
470.00 141.02 -0 .75 112.45
460.00 128.44 -0 .69 97.39
450.00 116.86 1.58 90.97
440.00 102.46 6.50 85.38
430.00 88.05 16.63 74.88
420.00 82.71 18.17 80.69
410.00 75.19 20.25 89.65
400.00 71.80 20.89 94.75
390.00 72.19 20.89 93.99
360.00 78.90 20.41 82.13
350.00 78.90 20.41 82.13
340.00 81.00 20.91 76.74
330.00 85.73 21.05 66.86
320.00 90.13 20.27 59.85
310.00 92.48 20.56 53.75
300.00 90.05 22.76 52.73
290.00 88.14 24.52 51.96
280.00 88.64 24.91 49.78
270.00 85.13 29.01 46.24
260.00 80.93 34.05 41.66
250.00 79.46 35.66 40.35
240.00 71.92 39.88 44.86
230.00 65.06 43.81 48.05
220.00 60.22 46.81 48.48
210.00 51.92 51.14 49.79
200.00 40.75 55.61 51.60
190.00 32.37 58.03 50.98
180.00 38.42 56.58 43.67
170.00 40.92 56.06 39.42
160.00 57.12 50.78 35.42
150.00 69.92 45.21 30.59
140.00 86.03 36.03 24.55
130.00 88.65 36.64 16.88
120.00 90.51 36.59 12.79
110.00 103.10 25.74 9.98
100.00 65.05 51.21 13.51
90.00 85.85 40.25 12.55
80.00 102.66 25.40 12.27
70.00 97.35 30.26 13.53
60.00 79.92 43.14 16.10
50.00 68.62 49.17 16.38
40.00 58.35 53.37 14.10
30.00 49.96 55.37 15.45
20.00 54.25 54.63 12.85
10.00 71.94 48.61 12.02
Long. Lat. Angle
Table 2.4.1: Finite rotation poles of Baltica. MLV=”Minimum Longitudinal Vari-
ation”, PSARF=”Pseudo-Absolute Reference frame”. From paleomagnetic data of 
Torsvik & Cocks, 2005.
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False X:  25° False Y: 10°
Minimum Longitudinal Variation
Path of Baltica (MLV)
a)
b) c)
































False X:  15° False Y: -25°
Paleomagnetic Data
KINEMATIC TEST OF BALTICA PALEOMAGNETIC DATA
Ma
Figure 2.4.1
a) Absolute paths of the Baltica Terrane based on paleomagnetic data 
from Torsvik & Cocks, 2005. On the left, the longitudinal variation is 
minimised by fixing a constant longitude (34.07°) using the terrane 
barycentre (eigenvector calulation). On the right, Baltica longitude is 
not constrained. The Paleo-poles are translated on the present-day 
south-pole following great circles passing through the 2 points. Black 
dots represent the fastest point of Baltica between to consecutive 
positions.
b) Maximum velocities observed on the Baltica Terrane for each situations. Before 400Ma (grey zone), the maximum  veloci-
tes are much higher than 20 cm/yr (See Table d). The important velocity variations and the difference between the average 
velocities are the consequences of an important rotation on itself of the terrane. After 400 Ma, the average velocities are 
close one another and the maximum velocities are less than 20 cm/yr.
c) Apparent Polar Wander path of Baltica- Magnetic Paleo-Poles are shown with their 95% confidence ellipses (A95). Before 
400Ma, data uncertainties are very important.
d)







54.51 cm/yr. 10.18 cm/yr.
30.35 cm/yr. 8.48 cm/yr.
16.94 cm/yr. 4.60 cm/yr.
12.61 cm/yr. 4.15 cm/yr.










V m ax (PSARF)
V m ax (MLV)
Maximum Velocity observed for Baltica Terrane
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530 490 59.55 -78.67 47.86 25.30 9.51
490 480 39.20 -50.71 87.24 12.39 30.36
480 470 -19.51 -38.42 2.30 25.15 2.02
470 460 -6 .39 -38.27 24.95 27.45 19.64
460 450 8.34 -33.44 18.42 30.68 12.02
450 440 5.22 -25.03 21.82 31.74 15.98
440 430 -18.69 -8 .27 24.61 30.31 25.20
430 420 40.83 -4 .24 8.86 18.90 3.85
420 410 36.77 -5 .10 13.42 11.48 4.90
410 400 39.52 -5 .73 6.91 14.88 2.71
400 390 -131.46 5.78 0.93 26.15 0.50
390 360 -131.79 3.92 14.73 26.04 2.63
360 350 0.00 0.00 0.00 0.00 0.00
350 340 -114.80 0.60 5.98 27.08 4.77
340 330 -118.26 -3 .05 11.15 27.63 8.49
330 320 -122.08 -7 .05 8.28 29.34 5.90
320 310 -104.31 -8 .63 6.45 30.86 6.05
310 300 -23.86 8.02 3.00 30.98 3.17
300 290 -26.61 8.57 2.33 30.81 2.49
290 280 -97.02 -12.71 2.24 30.93 2.23
280 270 -50.95 2.06 5.48 21.55 6.10
270 260 -60.18 -2 .30 6.51 19.12 7.24
260 250 -61.65 -3 .66 1.92 21.23 2.13
250 240 14.01 32.96 6.95 29.81 4.03
240 230 -4 .20 30.80 6.00 29.45 4.83
230 220 -35.02 16.94 3.74 29.06 4.05
220 210 -35.85 18.82 5.92 28.60 6.40
210 200 -41.41 17.02 7.09 27.98 7.79
200 190 -59.55 -5 .39 4.52 19.22 5.03
190 180 179.29 -51.76 7.85 28.16 4.98
180 170 -164.39 -53.86 4.37 21.75 2.08
170 160 150.46 -29.40 8.07 30.42 8.19
160 150 173.33 -38.76 7.53 30.95 5.96
150 140 -169.93 -40.71 9.40 31.22 5.68
140 130 -99.00 -33.57 7.70 32.02 7.00
130 120 -97.04 -35.93 4.11 31.95 3.74
120 110 -142.24 -49.07 4.10 11.90 1.54
110 100 -6 .93 43.21 8.41 31.93 6.42
100 90 152.33 -30.90 4.19 32.01 4.18
90 80 162.99 -35.55 4.40 31.89 3.95
80 70 39.55 47.09 1.97 14.30 0.79
70 60 3.83 43.96 5.48 32.02 3.58
60 50 -33.82 24.40 2.80 32.04 2.96
50 40 -75.34 -23.66 3.05 32.03 3.31
40 30 -14.99 42.75 1.91 32.04 1.59
30 20 -151.91 -54.97 2.67 10.42 0.93









Table 2.4.2: Stage Poles for the Baltica Terrane in MLV reference frame and corresponding maximum 
velocities. * Between 530 Ma and 490 Ma the paleo-pole remains constant.
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530 490 72.58 -66.28 22.85 23.90 3.45
490 480 53.11 -57.06 106.93 24.15 54.51
480 470 -17.51 -27.46 2.03 28.07 1.96
470 460 -4 .48 -39.44 25.37 27.02 19.75
460 450 7.52 -44.07 21.42 23.90 13.55
450 440 -2 .34 -42.01 26.68 27.08 19.66
440 430 -37.01 -33.47 29.29 31.63 29.94
430 420 13.64 -32.33 10.46 23.37 7.51
420 410 2.95 -35.24 16.38 23.40 12.50
410 400 -0 .64 -36.44 8.55 25.07 6.66
400 390 -173.57 33.41 1.11 23.12 0.84
390 360 -169.62 31.49 17.25 23.37 4.31
360 350 62.00 0.00 0.00 -50.11 0.00
350 340 -147.49 21.04 6.40 26.55 5.46
340 330 -147.39 20.98 11.93 26.56 10.18
330 320 -146.70 20.71 8.78 26.59 7.53
320 310 -125.68 12.40 6.53 26.80 6.43
310 300 -44.81 -20.41 3.17 31.34 3.48
300 290 -48.90 -19.46 2.44 31.63 2.70
290 280 -119.51 6.92 2.20 26.93 2.29
280 270 -73.70 -11.22 5.59 17.30 6.21
270 260 -83.90 -8 .02 6.57 22.25 7.30
260 250 -85.77 -7 .51 1.93 23.45 2.15
250 240 -12.91 -16.05 6.06 25.26 6.22
240 230 -36.16 -17.00 5.39 30.26 5.88
230 220 -70.34 -15.15 3.70 22.12 4.12
220 210 -73.89 -14.75 5.80 20.09 6.45
210 200 -83.03 -13.93 6.98 16.66 7.76
200 190 -103.32 -12.10 4.61 25.31 5.12
190 180 138.78 10.39 4.94 30.38 5.49
180 170 160.57 7.56 2.60 25.82 2.83
170 160 120.01 10.80 7.16 24.14 7.96
160 150 148.45 10.71 5.97 29.01 6.58
150 140 171.80 9.89 7.23 23.23 7.54
140 130 -111.36 1.75 6.42 27.93 6.96
130 120 -105.92 1.12 3.33 29.13 3.65
120 110 -148.24 4.20 2.70 26.45 2.75
110 100 -14.38 -4 .07 6.14 24.13 6.68
100 90 142.99 4.20 3.61 28.89 4.01
90 80 156.29 4.61 3.59 26.52 3.96
80 70 33.49 -5 .08 1.35 26.55 1.37
70 60 -5 .12 -5 .77 3.96 23.38 4.19
60 50 -45.56 -5 .09 2.56 26.23 2.84
50 40 -87.22 -2 .71 2.80 28.35 3.11
40 30 -27.03 -4 .13 1.41 27.29 1.56
30 20 -163.53 2.00 1.53 24.24 1.59












Table 2.4.3: Stage Poles for the Baltica Terrane in PSARF reference frame and corresponding 
maximum velocities. * Between 530 Ma and 490 Ma the paleo-pole remains constant.
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2.4.2 Kinematic Test with paleomagnetic data from Gondwana
,I%DOWLFDSDOHRSROHVDUHQRWVXLWDEOHDVUHIHUHQFHIUDPHEHIRUH0DZKLFKSODWHPXVWEHVHOHFWHG"
We saw, in introduction, that the other relevant plate is Gondwana. Using the same methodology, we 
FDUULHG RXW WKH VDPH NLQHPDWLF WHVW:H XVHG WKH SDOHRPDJQHWLF GDWD RI7RUVYLN DQG9DQ GHU9RR 
UHIHUUHGDV³79'9´DQG0F(OKLQQ\HWal.UHIHUUHGDV³0&(´IRUFRPSDULVRQ*RQGZDQD
ZDV DVVHPEOHG DW DURXQG 0D 0HHUW DQG9DQ GHU9RR  DQG EHFDPH HPEHGGHG LQ WKH 3DQJHD
6XSHUFRQWLQHQW GXULQJ WKH &DUERQLIHURXV 3DQJHD EUHDNXS FRPPHQFHG GXULQJ WKH 0LG-XUDVVLF ZLWK WKH
opening of the Central Atlantic. In this account, paleomagnetic poles have been compiled from Gondwana 
FRUHHOHPHQWV$IULFD6RXWK$PHULFD0DGDJDVFDU*UHDWHU,QGLD&UDWRQLF$XVWUDOLDDQG(DVW$QWDUFWLFD
,WLVWKHUHIRUHQRWSRVVLEOHWRVHOHFWDVLQJOHWHUUDQHUHÀHFWLQJWKHZKROHKLVWRU\RI*RQGZDQD,QRUGHUQRW
to underestimate the rotation rates (and the resulting maximum velocities) we should use the global contour 
of Gondwana including its core elements. However, after the break-up of Gondwana, those continents are 













M LV Tors vik 2002
P S A RF Tors vik 2002
M LV M c E hlinny 2003
P S A RF M c E lhinny 2003
Maximum Velocity observed for Gondwana
Ma
Cm/yr
Figure 2.4.2: Maximum ve-
locities observed for Gond-
wana. Black lines represent 
the velocities computed on 
the basis of paleomagnetic 
data provided by Torsvik & 
Van der Voo, 2002. Grey lines 
represent the velocities based 
on paleomagnetic data pro-









Gondwana are kinematically not acceptable for 
this time span. 
It is interesting to compare the velocities 
VKRZQ ¿JXUH  ZLWK WKH RFFXUUHQFH RI
paleomagnetic data published by Torsvik and 
9DQGHU9RR)DQGVKRZQ¿JXUH7KH
maximum velocities are obtained when there are 
only very few paleomagnetic data available. We 
saw in the section 1.2.1 that paleomagnetic data 
of Gondwana is a matter of important debate. This 
NLQHPDWLFWHVWVWDWHVWKDWGDWDROGHUWKDQ0D
should be regarded very cautiously.
It is also interesting to notice that velocities 
LQ WKH 0/9 UHIHUHQFH DUH RIWHQ JUHDWHU WKDQ
those in the PSARF for the same time span. We 
initially assumed that minimising the longitudinal 
variations will also minimised the rotation rates 
Figure 2.4.3: Frequency-age histogram for paleomagnetic 
poles from Gondwana. Note the lack of data between the 
Silurian and the Carboniferous. From Torsvik & Van der Voo, 
2002
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and consequently the velocities of the plates. We can see here that it is not always the case. By keeping the 
barycentre of the reference at a constant longitude, we sometimes generate very important rotations implying 
high velocities in the external part of the plate.
2.4.3 Composite Reference Frame
,IZHFRQVLGHUSDOHRPDJQHWLFGDWDRI%DOWLFDDQG*RQGZDQDDVQRWVXLWDEOHSULRUWR0DZHDUHOHIW
ZLWKWKHVDPHLVVXHZKLFKUHIHUHQFHIUDPHFDQZHXVHIRUWKHWLPHVSDQEHWZHHQDQG0D"
1XPHURXV VWXGLHV FRQFHUQLQJ*RQGZDQDQSDOHRPDJQHWLFGDWDKDYHEHHQ OHGDPRQJ WKHVH VWXGLHVZH
VHOHFWHG WKUHH SDOHRPDJQHWLF SROHV DW 0D 0D DQG0DZKLFK DUH LQ JHQHUDO DJUHHPHQWZLWK
Bachtadse and Briden (1991), Schmidt et al.7RUVYLNDQG9DQGHU9RR/LDQG3RZHOO
DQG0F(OKLQQ\HWal.)RUWKHVDPHWLPHVSDOHRPDJQHWLFGDWDIURP%DOWLFDRIIHUDQLPSRUWDQWYDULDWLRQ
DQGLWLVTXLWHGLI¿FXOWWRLGHQWLI\DFFHSWDEOHSDOHRSROHVRIUHIHUHQFH$VDFRQVHTXHQFHZHGHYHORSHGDQHZ
$3:3DWKIRU*RQGZDQDEHWZHHQ0DDQG0DXVLQJWKHVHWKUHHSROHVDV³NH\SROHV´ Between those 
WKUHHSROHVZHDUHJXLGHGE\SDOHRJHRJUDSKXFGDWD'XULQJWKHORZHU2UGRYLFLDQIRULQVWDQFHDJODFLDWLRQLV
ZHOONQRZQWRDIIHFWWKH1RUWK$IULFDQSDUWRIWKH*RQGZDQDZKLOHFRHYDODORQJWKHVRXWKHUQ*RQGZDQDQ
margin we can observe some carbonates dopsits. Such data strongly limit the latency in Gondwana location. 
Lastly, to really constrain our Gondwanan path, we followed Forsyth and Uyeda (1975) and assumed that, as 
Gondwana is a huge plate with an important continental part, it should move slowly. Thus, between the three 
reference poles, we interpolated the paleo-poles minimising the velocities while remaining consistent with 
palaeogeographic data.
Paleomagnetic data control the relative positions of all the plates. A change in the reference frame, therefore, 
implies a revision of all the geodynamic relationships between plates, that is to say of all the reconstructions. 
As paleomagnetic data for Baltica were used as reference prior to the beginning of this study and as we 
FRQVLGHUWKHPDVNLQHPDWLFDOO\DFFHSWDEOHIURP0DRQZDUGZHGHFLGHGWRNHHS Baltica as a reference for 
this time interval. Subsequently, we adopted a composite reference frame using (1) our new Gondwanan 





+RZHYHU LQ0/9 WKHPD[LPXPYHORFLW\ LVHTXDO WRFP\UZKHUHDV LQ36$5) LW LVHTXDO WR
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GONDWANA BALTICA
Figure 2.4.4: Maximum velocities observed on 




our point of view, it is highly improbable that a plate remains at a constant longitude. Consequently, we use 
our composite path in the PSARF as global reference frame. The paleo-poles of the composite path and the 
UHVXOWLQJ¿QLWHSROHVLQWKH36$5)DUHOLVWHGWDEOH
55
Chapter 2:  Global Scale Plate Tectonics Modelling
600 -29.94 -27.01 62.99 0.00 60.06
560 -14.84 -24.26 65.74 0.00 75.16
546 -9 .44 -24.91 65.09 0.00 80.56
530 -6 .27 -28.50 61.50 0.00 83.73
518 -4 .70 -29.60 60.40 0.00 85.30
500 -1 .04 -31.95 58.05 0.00 88.96
490 1.04 -33.31 56.69 0.00 91.04
475 9.05 -30.30 59.70 0.00 99.05
461 14.78 -25.11 64.89 0.00 104.78
442 16.07 -11.74 78.26 0.00 106.07
420 10.58 0.04 90.04 0.00 100.58
400 -9 .18 0.57 90.57 0.00 80.82
400 -39.38 -3 .15 50.62 0.00 86.85
390 -38.73 -3 .81 51.27 0.00 86.19
360 -28.00 -14.00 62.00 0.00 76.00
350 -28.00 -14.00 62.00 0.00 76.00
340 -24.78 -19.12 65.22 0.00 70.88
330 -17.61 -28.12 72.39 0.00 61.88
320 -11.15 -34.20 78.85 0.00 55.80
310 -7 .61 -39.92 82.39 0.00 50.08
300 -10.80 -41.65 79.20 0.00 48.35
290 -13.29 -43.03 76.71 0.00 46.97
280 -12.42 -45.12 77.58 0.00 44.88
270 -16.57 -49.83 73.43 0.00 40.17
260 -21.10 -55.73 68.90 0.00 34.27
250 -22.63 -57.45 67.37 0.00 32.55
240 -32.90 -55.95 57.10 0.00 34.05
230 -42.09 -55.83 47.91 0.00 34.17
220 -47.96 -57.36 42.04 0.00 32.64
210 -57.95 -59.37 32.05 0.00 30.63
200 -71.00 -61.54 19.00 0.00 28.46
190 -79.65 -63.66 10.35 0.00 26.34
180 -70.07 -66.36 19.93 0.00 23.64
170 -65.63 -68.29 24.37 0.00 21.71
160 -46.78 -67.82 43.22 0.00 22.18
150 -31.06 -68.58 58.94 0.00 21.42
140 -11.26 -70.20 78.74 0.00 19.80
130 -6 .41 -76.47 83.59 0.00 13.53
120 -3 .31 -79.74 86.69 0.00 10.26
110 10.93 -81.01 100.93 0.00 8.99
100 -30.22 -81.55 59.78 0.00 8.45
90 -8 .21 -80.43 81.79 0.00 9.57
80 10.02 -78.92 100.02 0.00 11.08
70 3.93 -78.32 93.93 0.00 11.68
60 -15.60 -78.27 74.40 0.00 11.73
50 -27.59 -79.31 62.41 0.00 10.69
40 -37.32 -81.60 52.68 0.00 8.40
30 -46.41 -81.24 43.59 0.00 8.76
20 -41.00 -82.57 49.00 0.00 7.43
10 -22.58 -82.06 67.42 0.00 7.94
Age Magnetic Poles Euler Poles
















Table 2.4.4: Composite Reference Frame. * Cross-over between Gond-
wana reference and Baltica reference.
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2.5 Reconstructing lithospheric plates
We placed the lithospheric plates in the centre of our issue. Up to here, we presented the main principles 
and constraints applied to the model. They can be summarised as follow:
- The reconstructions are created from the past to the present.
 :HDOZD\VIROORZWKHSULQFLSOHVRI³'\QDPLF3ODWH%RXQGDULHV´7RDSSO\WKRVHSULQFLSOHVZHFRQVLGHU
the plates as not deformable, thus they are moved as a single entity from one reconstruction to the 
next.
- All the reconstructions are inter-dependant. Changes applied on a single reconstruction may have some 
NQRFNRQHIIHFWRQ WKH IROORZLQJ$1'RQ WKHSUHYLRXVRQHV7KH UHFRQVWUXFWLRQZRUN LV WKHUHIRUH
iterative.
- Plate motion is controlled by slab-pull and roll-back forces. As those forces are acting on plate limits, 
PDMRUFKDQJHVLQSODWHPRWLRQVKDVWREHFRHYDOZLWKDPDMRUFKDQJHLQERXQGDULHVFRQGLWLRQV
 :HXVHDFRPSRVLWH*RQGZDQD%DOWLFDUHIHUHQFHIUDPHVHHVHFWLRQ.




plates through ages. How is it possible to retrieve these lost plates? Paleomagnetic and paleobiogeographic data 
can be used to distribute continental blocks through space and time. If continents are not plates, they are the 
only available elements witnessing the past behaviour of plates. They represent the starting points from which 
SODWHVFDQEHUHFRQVWUXFWHG1HYHUWKHOHVVWKHXQFHUWDLQWLHVVXUURXQGLQJSDOHRPDJQHWLFDQGSDOHRJHRJUDSKLF
data are important and the farther one goes back in the past, the larger the uncertainties on the dating and on the 
ORFDWLRQVDUH*HRORJLFDOGDWDSURYLGHVXLWDEOHFRQVWUDLQWVWRDVVHVVWKHGLVWULEXWLRQRIFRQWLQHQWV0RUHRYHU
geological data provide a direct access to past geodynamical environments which are the products of plate 
motions. In order to integrate the geological data, we developed a process in three iterative steps (see ¿JXUH
2.5.1):
- First, on the basis of paleomagnetic and paleogeographic data, we create continental assemblies for 
NH\SHULRGVRIWKH(DUWK¶VKLVWRU\7KHDVVHPEODJHVDUHFDOOHG“key assemblies´
- Then, we develop geodynamic scenariosOHDGLQJIURPRQHNH\DVVHPEO\WRWKHQH[W$1'IROORZLQJ
WKH'\QDPLF3ODWH%RXQGDULHVSULQFLSOHV
- Eventually, we test the geodynamic and kinematic consistency of the results and modify either the 
scenarios or the assemblies when discrepancies occur.
In the present section, we detail the creation of the key assemblies and the spatio-temporal integration of 
geological data into geodynamical scenarios.
Figure 2.5.1: Schematic flowchart of our method reflecting the iterative approach. Be-
tween two key assemblies a geodynamic scenario is imagined and  then tested against 
dynamic plate boundaries principles and kinematic constraints. The key assemblies and/or 
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2.5.1 Creating “Key Assemblies”
7KHDLPRIRXUZRUN LV WRSURYLGH UHFRQVWUXFWLRQV IRU WKH WLPH LQWHUYDOH[WHQGLQJ IURP0DEDFN WR
0D:HSODFHWKHSODWHVDQGWKHJHRG\QDPLFVDWWKHFRUHRIRXUPHWKRGRORJ\DQGWU\WRGHYHORSFRQVLVWHQW
JHRG\QDPLFVFHQDULRV+RZHYHUWKH(DUWK¶VKLVWRU\IRUWKLVWLPHVSDQLVVRFRPSOH[WKDWLWFDQREYLRXVO\QRW
be comprehended as a single phenomenon. In order to simplify and assess our approach, we divided the time 
VSDQEHWZHHQ0DDQG0DLQWRIRXUSHULRGVZLWKDQDYHUDJHUDQJHDURXQG0DFRUUHVSRQGLQJWRWKH
W\SLFDOWLPHVFDOHRIDFRPSOHWH:LOVRQ¶VF\FOH:HWKXVFUHDWHG¿YHkey assemblies (one at the beginning, 
 LQWHUPHGLDWH VWHSV DQGRQH DW WKH HQG ,Q WKHSUHVHQW VHFWLRQZH¿UVW H[SRVH WKHSULQFLSOHVRI WKHNH\
DVVHPEOLHVFUHDWLRQDQGWKHQSUHVHQWWKH¿YHDVVHPEODJHV
o Principles of key assemblies creation
7KHSUHVHQWGD\DVVHPEODJHRIFRQWLQHQWVLVWKHUHVXOWRIWKH(DUWK¶VKLVWRU\:HGLYLGHGWKLVDVVHPEODJH
in numerous terranes (cf. section 2.2). Paleomagnetic and paleogeographic data are the only available data 
to redistribute terranes through space and time. We presented the basics of their use for reconstructions in 
Chapter 1. 









Laurentia plate we use the data from Torsvik et al. (1996) and concerning Siberia the data from Cocks and 
7RUVYLN
Kinematic tests for Gondwana and Baltica showed that it was necessary to control the distribution of 
continents with another type of data. Except for the time span when magnetic anomalies are available, the only 
appropriate data to constrain the paleo-positions of continents are the paleobiogeographic and paleoclimatic 
GDWD VXFK DV FDUERQDWH GHSRVLWV WURSLFDO GHSRVLWV JODFLDO GHSRVLWV ÀRUDV DQG IDXQDV7KXVZHXVHG
SDOHRJHRJUDSKLFGDWDFRPLQJIURPYDULRXVVWXGLHV to constrain the GLVWULEXWLRQRIPDMRUFRQWLQHQWVWKURXJK
time. Whereas a larger dataset is obviously preferred, this lies outside the scope of this study.
1HYHUWKHOHVVZHDVVRFLDWHGSDOHRPDJQHWLFDQGSDOHRJHRJUDSKLFGDWDZKLFKJUHDWO\DVVHVWKHSUHFLVLRQRI
WKHFRQWLQHQWDOGLVWULEXWLRQ$QGSUHHPLQHQWO\ZHFRQVLGHURXULWHUDWLYHDSSURDFKPHUJLQJSDOHRPDJQHWLF
paleobiogeographic data and geodynamic scenarios as more constraining than the use of a single discipline. 
7KXVZHFUHDWHGRULJLQDONH\DVVHPEOLHVRQWKHEDVLVRI3DOHRPDJQHWLF3DOHRJHRJUDSKLFGDWDZLWKTXLWHODUJH
XQFHUWDLQWLHVDQGWKHQPRGL¿HGWKHPRQWKHEDVLVRI*HRORJLFDOGDWDV\QWKHVLVHGLQJHRG\QDPLFVFHQDULRV
 Concerning the minor continents, we applied the same methodology. When available, we used the 
paleomagnetic data always controlled with paleogeographic data.
o Application: The key assemblies.
3DQQRWLD
,W LVJHQHUDOO\EHOLHYHG WKDW WKH(DUWK¶VKLVWRU\ZDVFKDUDFWHUL]HGE\DQDOWHUQDWLRQRI6XSHUFRQWLQHQWV
amalgamations and breakups. The hypothesis of their existence has been discussed for a long time (see e.g.
'DO]LHO'DO]LHO*UDGVWHLQHWal.+RIIPDQ1LNLVKLQ1LNLVKLQHWal.
6FRWHVH7RUVYLN/DWH3URWHUR]RLFRodinia9HQGLDQPannotiaDQG/DWH3DOHR]RLFPangea are the 
PRVWNQRZQVXSHUFRQWLQHQWV:HOLPLWHGWKHWHPSRUDOH[WHQVLRQRIRXUZRUNEDFNWR0DDQGWKHQVWDUWHG
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ZLWKWKH3DQQRWLDVXSHUFRQWLQHQW-XVWEHIRUHLWVEUHDNXSWKLVVXSHUFRQWLQHQWDPDOJDPDWHGDOOWKHFRQWLQHQWV















































in its present-day position
(DUO\2UGRYLFLDQ
3DQJHD LV WKHVHFRQGVXSHUFRQWLQHQW WKDWZHXVHGDVDNH\DVVHPEO\+RZHYHUDERXW0DVHSDUDWH
3DQQRWLD DQG3DQJHD:H FRQVLGHUHG WKLV WLPH VSDQ DV WRR ORQJ WR FUHDWHZLWK HQRXJK FRQ¿GHQFH VRPH





















































in its present-day position
Figure 2.5.2
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assemblage for Pangea proposed by Livermore et al.7KH¿QDOGLVWULEXWLRQRIWKHFRQWLQHQWDOEORFNV
forming Pangea is given by the magnetic anomalies of the Atlantic realm. It is a long time since pre-Atlantic 
RSHQLQJFRQWLQHQWDOGLVWULEXWLRQKDVEHHQDFFHSWHG3ULRUWRWKHDQRPDOLHVWKHFRQWLQHQWDO¿WLVJLYHQE\WKH
paleomagnetic poles. Smith and Livermore (1991) presented APW paths for Gondwana elements parallel 
from late Carboniferous to late Permian time 
and converging, so as to overlap in Early to 
0LGGOH-XUDVVLFWLPH8QGHUWKHDVVXPSWLRQ
WKDW WKH 3HUPR7ULDVVLF PDJQHWLF ¿HOG ZDV
an axial dipole, these paleomagnetic data 
show that Pangea was mobile during the mid-
7ULDVVLFWRPLG-XUDVVLFLQWHUYDO%HFDXVHRI
the uncertainties in pole ages and positions, 
and errors in measurements, these APW 
paths are consistent with various possible 
3DQJHDDVVHPEOLHV¿JXUH+RZHYHU
by implying partial contributions from non-
GLSROH¿HOGV9DQGHU9RRDQG7RUVYLN
SUHVHQWHGDVROXWLRQDYRLGLQJPLV¿WEHWZHHQ
continents and thus negating the need for 
various Pangeas.
0RUH WKDQ WKH GLVFXVVLRQ DERXW
Paleomagnetic data, we consider that the 
tectonic solutions for a transition between the 
conventional Wegenerian Pangea A assembly 
RI -XUDVVLF WLPH DQG WKH YDULRXV % & DQG
' 3DQJHDV RI &DUERQLIHURXV DJH DUH QRW
acceptable. Smith and Livermore (1991) and 








The other solution could be the opening of a large RFHDQLFUHDOPEHWZHHQ6RXWK$PHULFD1RUWK$PHULFD
and Africa. However, no trace of a Triassic ocean has ever been found in the area extending from West-Sicily 
DQGWKH&DUQLF$OSVXSWRWKH9HQH]XHOD
This is a very good example of how geological data and related geodynamics limit the possibilities 
due to Paleomagnetic uncertainties.
$VDFRQVHTXHQFHZHXVHG WKHFODVVLFDO3DQJHD$DVVHPEO\DW0DDVDNH\DVVHPEO\ VHH¿JXUH
2.5.4).
Figure 2.5.3: Four Pangeas: (a) Pangea A; (b) Pangea A2;  (c) 
Pangea B; (d) Pangea C. Reproduced from Smith and Livermore, 
1991.
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in its present-day position
Figure 2.5.5
61





































in its present-day position
Figure 2.5.6
It is very important to notice that the key assemblies based on paleomagnetic and paleogeographic data 
DUH127WHFWRQLFUHFRQVWUXFWLRQV1RSODWHVH[LVWDVQRSODWHERXQGDULHVDUHGH¿QHG3ODWHOLPLWVVWLOOKDYHWR
EHGH¿QHGRQWKHEDVLVRI*HRORJLFDOGDWD







ranging from 600Ma to 48Ma and an average step of about 15Ma.
2.5.2 Spatio-temporal integration of Geologi-
cal Data: the Geodynamic Scenarios
'\QDPLF SODWH ERXQGDULHV SULQFLSOHV KDYH WR
be tested against the reality of the geological data. 
Paleomagnetic and paleogeographic data must be 
assessed by geological data. However, the geodynamic 
LQWHUSUHWDWLRQ RI JHRORJLFDO GDWD EURXJKW IURP ¿HOG
works and laboratory studies is always complex. The 
existence of basaltic rocks, for instance, may have 
several causes (opening of an ocean, back-arc basin 
etc...). The emplacement of an ophiolite can follow 
various processes. The understanding of geological 
records, most of time, results from the analysis of a 
bundle of arguments. Such a multiple-source approach 
is even more necessary with plate tectonics modelling 
as the area of work is large and the events complex. In order to integrate geological data in space and in time, 







600 Ma  Panotia
475 Ma  Early Ordovician
316 Ma  Pangea
180 Ma  Pre-Atlantic Opening










Figure 2.5.7: Model approach
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0DNLQJXSJHRG\QDPLFVFHQDULRVLVWKHPDLQSDUWRIWKHUHFRQVWUXFWLRQZRUN:HFDQVXPPDULVHWKLVZRUN
in two questions:
- Are we able to invent a geodynamically consistent series of events leading from one key assembly to 
the next? 
- If not, what must we change: the terranes distribution or the geodynamic interpretation of the geological 
data?
o Basics of Geodynamic Scenarios
6FKHPDWLFDOO\D*HRG\QDPLF6FHQDULRLVDYDULDWLRQRIWKH:LOVRQ¶VF\FOHZKLFKIXQGDPHQWDOO\IROORZV
three main stages: the 2SHQLQJ WKH &RQWLQHQWDO 0LJUDWLRQ DQG  WKH &ORVXUH. Imagine a hypothetic 
assemblage of two terranes forming a continent. To create a scenario, one must ask (and answer!) the following 
questions:
- “Do we separate the terranes? If yes, when?”
- “How do we separate those terranes?” “Which forces generate the opening? The slab-pull or the roll-
back?”
- “When do we close?” 
- “How do we close? Which terranes will be put together after the closure?”
To answer those questions, one must restore the following logical chain of geodynamical events:
Continental Stage Æ  Rifting Æ Oceanisation Æ Continental Migration Æ Closure (which can result 
IURPD&ROOLVLRQD6XEGXFWLRQRUDQ2EGXFWLRQ
6FKHPDWLF0HWKRG
To restore this chain, one must constrain the timing and the geodynamic character of each event. The age of 
each stage will determine the duration of the event and, consequently, the plate velocities. The characterisation 
of geodynamic environments will control the nature of plate limits.
Figure 2.5.8-a illustrates the various possible events for a single pair of terranes. Geological data are the 
RQO\VXLWDEOHGDWDOHDGLQJWRWKHLGHQWL¿FDWLRQRIWKHJHRG\QDPLFHYHQWVVXFKDVULIWLQJFROOLVLRQRQVHWRI
subduction...).
For a single terrane, the available geological data (and the geodynamic-related interpretations) are sorted 
DQGRUJDQLVHGLQVWHSVWKURXJKWLPHWRFUHDWHDSULPDU\GUDIWRIVFHQDULR¿JXUHE
On the basis of the key assemblies, the terranes are already associated along margins and the draft of 
VFHQDULRVFDQWKXVEHODWHUDOO\FRPSDUHGWRFUHDWHDVFHQDULRIRUDVHWRIWHUUDQHV¿JXUHF,WLVKHUH
crucial to understand that no terrane is moving alone but belongs to a continental area associated to a plate. 
All the terranes of the concerned margin, from one plate limit to the next, must present consistent geodynamic 
data (or at least must not present inconsistent geodynamic data). If discrepancies appear during the lateral 
comparison then one must consider revising either the geodynamic interpretation of the inconsistent data 
(as geological data may have multiple geodynamic interpretations) or the location of the terrane holding the 
LQFRQVLVWHQWGDWD7KLVUHÀHFWVRXULWHUDWLYHDSSURDFK
Inconsistencies can also appear, not laterally, but during the opening and the closure, between the two 
diverging or converging parts. For instance, two contiguous terranes that will move apart must show a coeval 
rifting phase or, at least, must not hold any indication of convergence.
1RWLFHWKDWWKLVPHWKRGRORJ\FDQEHFRPHPRUHFRPSOH[ZKHQGLDFKURQRXVHYHQWVDULVH'XULQJDQREOLTXH
collision, for instance, along the same margin, some terranes may hold geological data showing the collision 
whereas further terranes may not.
Once no inconsistency subsists, the scenario is almost complete. The timing of the opening is known. The 
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DATA INTEGRATION THROUGH 
SPACE AND TIME
FOR ONE TERRANE





Figure 2.5.8: (a) For each terrane, geological data are collected and interpreted into geodynamic environements for each element of the basic chain (Assembly, Rifting, Oceanisation, Conti-
nental Migration and Closure). (b) The integration of these data through space and time for one terrane lead to an outline of scenario. (c) The comparison of a set of space-related scenarios 
with respect to fundamental principles of dynamic plate boundaries and kinematic constraints  strongly increase the control on the various possibilities. These possibilities still need to be 
tested with surrounding scenarios through space and through time to be validated.  On the present theoretical example comparing three terranes (X,Y and B), an inconsistency occured 
between Terranes B (showing a closure) and Y (holding passive margin deposits) at time n+1. The scenario or the spatial distribution of the Terranes have to be reconsiderd. As the terrane 
X also shows a closure at time n+1, one may probably consider that the terrane Y is in a wrong place.
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*HRORJLFDO'DWDDQG6XEVLGHQFH&XUYHV
To rationalise our approach as much as possible, we listed 42 types of geological data (corresponding to the 
W\SHVRIJHRORJLFDOGDWDVWRUHGLQRXU*HRGDWDEDVHIXUWKHUGHWDLOVDUHJLYHQLQFKDSWHUSRVVLEO\XVHGIRUWKH
geodynamic characterisation. Geodynamical environments have been divided into 8 categories: Active margin, 
3DVVLYHPDUJLQ5LIW5LGJH,QWUD2FHDQLF6XEGXFWLRQ]RQH2EGXFWLRQ]RQH7UDQVIRUPIDXOWDQG&ROOLVLRQ
=RQH7RVLPSOLI\WKHJHRG\QDPLFLQWHUSUHWDWLRQRIJHRORJLFDOGDWDZHFODVVL¿HGWKHW\SHVZLWKUHVSHFWWR
the 8 environments depending whether the geological data is compatible with an environment, incompatible or 
QRWGLVFULPLQDWRU\7KHUHVXOWVDUHSUHVHQWHGLQWDEOH1RWLFHWKDWLQWKLVWDEOHPRVWRIWKHHOHPHQWVDUH
not discriminatory by themselves. Geodynamic environments can be characterised only on the basis a bundle 
of information. Corollary, a single geological data may have several geodynamic interpretations.
In this point of view, Subsidence curves represent very useful tools for geodynamic scenarios creation. 




to merely compare and relate events through space and time. 
7KH8SSHUSODWH/RZHUSODWHLGHQWL¿FDWLRQ
We consider that the driving forces of plate tectonics are the slab-pull and the roll-back forces. As a 
FRQVHTXHQFHDQRSHQLQJFDQEHHLWKHURI³EDFNDUF´W\SHRU³VODESXOO´W\SHFI¿JXUH7KHVXEGXFWLRQ














































































Data from: Gutiérrez-Marco et al., 2002;
Kettel 1968, Li–an et al., 2003; Radig 1963; 
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Figure 2.5.9; Example of geodynami-
cal event recognition using Subsidence 
Patterns.
(a): Pre-Mesozoic units in Iberia (grey,) 
with the main Cambrian outcrop ar-
eas in Spain (black).  CI = Central Ibe-
rian Zone, CZ = Cantabrian Zone, OM 
= Ossa-Morena Zone, SPZ = South Por-
tuguese Zone, WL = West Asturian-Le-
onese Zone, B = Barcelona, C = Córdoba, 
L = Lisboa, M = Madrid, Z = Zaragoza. 
Hatched lines separate tectonostrati-
graphic zones. Circled numbers – ref-
erence to subsidence curves in (c): 1 
= Cantabrian Zone, 2 = West Asturian-
Leonese Zone (WL), 3 = Central Iberian 
Zone,  4 = Ossa-Morena Zone. (b): Early 
Palaeozoic lithostratigraphic approxi-
mate type columns. Thick lateral scale 
indicates the thickness of sediments 
deposited during the Cambrian resp. 
Ordovician (a = Almadén area, b = East-
ern Sierra Morena) time periods.  (c): 
Reconstruction of tectonic subsidence 
with maximum bathymetric correction 
for the Cantabrian, West Asturian-Le-
onese, Central Iberian, and Ossa-More-
na Zones during the Early Palaeozoic. 
From J. von Raumer, G.M. Stampfli, C. 
Hochard and J.C. Gutiérrez-Marc, 2006. 
See  the original publication for further 
details.
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Table 2.5.1: Geodynamic environment characterisation by geological data. 
Geological data are classified by compatiblity with respect to geodynamic en-
vironments. Light grey boxes represent data compatible with an environment. 
Dark grey are incompatible and medium grey are not discriminatory for the 
considered environment. For instance, an “Arc Volcanism” data is characteristic 
of an active margin, can not occur in a passive margin environment and may 
possibly occur during a collision.
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Plate 1 Plate 2
Plate 1Plate 3 Plate 2
Plate 1Plate 3 Plate 2
Plate 1 Plate 2
Plate 1Plate 3 Plate 2
Plate 1Plate 3 Plate 2
Slab-Pull Opening. The diverging continent B belongs to the 
plate 1 which is pulled by the subducting slab. During the 
collision, the Plate 1 is in lower position relative to the Plate 2.
Back-Arc Opening. The diverging continent B belongs to the 
plate 1 which is pulled by the retreating slab of the plate 2. 


















Figure 2.5.10: Upper/Lower plate characterisation from opening to closure.
'XULQJ D EDFNDUF W\SH RSHQLQJ GXH WR UROOEDFN WKH GLYHUJLQJ SODWH QDPHO\ WKH SODWH KROGLQJ WKH
leaving continental part) is in upper position. On the contrary, during a slab-pull type opening, the diverging 
continental part is pulled by its attached subducting slab and can therefore be considered as being in lower 
position (even if the plate limit may be located far away from the considered continent). 
,QRXUDSSURDFKRQHVLQJOHVFHQDULRLVPDGHRIWKUHHSKDVHV2SHQLQJ±&RQWLQHQWDO0LJUDWLRQ±&ORVXUH
As a consequence, in one scenario, no passage from an upper plate position to a lower plate can happen. 
Obviously, in reality, upper to lower plate transitions happen, but in our approach, they signify the end of 
RQHVFHQDULRDQGWKHEHJLQQLQJRIDQRWKHURQH$VDFRUROODU\WKHXSSHUORZHUSRVLWLRQRIDQHOHPHQWLQD
scenario is necessary the same during the whole scenario, from the opening to the closure.Thus, if the driving 
SURFHVVRIWKHRSHQLQJFDQQRWEHLGHQWL¿HGE\FRHYDOGDWDWKHGDWDFKDUDFWHULVLQJWKHUHVWRIWKHVFHQDULRDQG




At the interface between the upper and the lower plate (namely the subduction trench) the sediments will 
SURJUHVVLYHO\HYROYHIURPW\SLFDOWUHQFKGHSRVLWVKLJKGHSWKGHSRVLWVRIWHQXQGHUWKH&&'ZLWKDIHZGHWULWDO
PDWHULDO FRPLQJRQO\ IURP WKHXSSHUSODWH WRÀ\VFKGHSRVLWV WXUELGLWLF VHULHV LQFOXGLQJGHWULWLFPDWHULDO
coming from the upper and from the lower plate) up to molasse deposits (low depth marine to continental 
deposits) which often seal the series.
7KHGHWULWLFPDWHULDOSURYLGHGE\WKHORZHUSODWHGXULQJWKHÀ\VFKGHSRVLWMXVWEHIRUHWKHFROOLVLRQLVWKH
UHVXOWRISODWHÀH[XUDWLRQÀH[XUDOEXOJHZKLFKLQGXFHVWKHFRQWLQHQWDOHURVLRQ'XHWRWKLVÀH[XUDWLRQWKH
lower plate is uplifted (which allows the formation a iron-rich deposits) and slightly extended (which allows 
the emplacement of intraplate volcanism).
The deciphering of all these elements allows the geologists to differentiate the lower plate from the upper 
plate but necessitate a complete and various set of data. In this point of view the study of suture areas is crucial 
as the latter enclose most of the information needed.
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Thus, if the timing events is made phase by phase, the characterisation of their nature is the result of a 




The question of the “lower” or “upper” positions of plates is of paramount importance for geodynamic 
VFHQDULRVFUHDWLRQDV LWZLOO FRQWURO WKHQXPEHURISODWHV LQYROYHG LQ WKH VFHQDULR WKHQDWXUHRI WKH
SODWHOLPLWVDQGWKHQDWXUHRIWKHDFWLQJIRUFHV+RZHYHUPRVWJHRG\QDPLFVWXGLHVZKLFKFRQVLGHUZLWK
attention the upper/lower plate issues still keep a simple vertical two dimensional approach and do not 
apprehend the lateral implications of their model. 
Paleogeographic reconstructions represent the only way to consider this issue in horizontal 2D 
(namely with its lateral implications) but most of the studies cannot consider the upper plate / lower 
plate issues as they pay very little attention to plate limits. 
We consider as necessary to investigate geodynamic issues in the three dimensions of space AND in 
WLPHQDPHO\LQ'
7KXVVLQJOHVFHQDULRV2SHQLQJ&RQWLQHQWDO0LJUDWLRQ&ORVXUHIXOO\GHWHUPLQHGi.e. with all events 
FKDUDFWHULVHGE\WKHLUQDWXUHDQGDJHZLWKRXWGLVFUHSDQFLHVDUHOLQNHGZLWKRWKHUVVFHQDULRVWKURXJKWLPH
and through space.
Through time, series of single scenarios are merged to form and complex scenarios. Examples of complex 
JHRG\QDPLF VFHQDULRV GHYHORSHG E\*0 6WDPSÀL DUH VKRZQ LQ ¿JXUHV   DQG  6XFK
scenarios include, in two dimensions, practically all the possible variations and represent the background 
always kept in mind during the reconstruction work.
Through space, the plate limits involved in the various scenarios must form a consistent interconnected 
network. Except for not completed area, no plate limit must stop in the middle of nowhere. This is a 
fundamental difference with most other reconstructions studies in which the limits are not interconnected, 




%RXQGDULHVSODWH OLPLWVPXVW IROORZDJHRG\QDPLFDOO\FRQVLVWHQWHYROXWLRQ0RUHRYHU WKH UHVXOWLQJSODWH
PRWLRQVPXVWVWD\LQDFFRUGDQFHZLWKWKHNLQHPDWLFFRQVWUDLQWV¿[HGLQWKHPRGHO*HRG\QDPLFVFHQDULRV
ZKLFKDUHQRWLQDFFRUGDQFHZLWKWKH'\QDPLF3ODWH%RXQGDULHVSULQFLSOHVRUZLWKWKHNLQHPDWLFFRQVWUDLQWV
DUHUHMHFWHGLPSO\LQJRQFHDJDLQDQLWHUDWLYHDSSURDFKLinking the plate boundaries through space and 
time and restraining plate motions with geodynamic constraints offer a key control on the model. Most 
RIWKHWLPHVRQO\YHU\IHZSRVVLELOLWLHVDUHDWWKHVDPHWLPHLQDFFRUGDQFHZLWKJHRORJLFDOGDWDG\QDPLF
plate boundaries principles and kinematic constraints.
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slab coupling –> underplating






















































































































































































Figure 2.5.12:  Slab story III & IV: Balcano-Hellenic and Alp models
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Figure 2.5.13:  Slab story V & VI: Californian and mongolian models
o ([DPSOHRIVFHQDULRWKH6RXWK(DVW$VLD
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:HGLYLGHGWKHDUHDLQWKUHH3DOHRGRPDLQVVHH0DSV¿JXUH
- The Cimmerian Sibumasu BlockLQWKHZHVWHUQPRVWSDUWRI7KDLODQG:HVWRIWKH0DH<XDP)DXOW
,WLQFOXGHVWKH6LEX0DVXDQG%DRVKDQ7HUUDQHV
- The Shan-Thai BlockDVVXPHGWREHIRUPHGRIWKH,QWKDQRQDQG6XNRWKDL=RQHV,WFRUUHVSRQGVWR
the Shan Terrane.
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Figure 2.5.14: Maps of South-East Asia. (a) Tectonic Map showing the Cimmerian, Shan-Thai, Indochina, South 
China and Orang Laut paleodomains. BRSZ: Bentong Raub Suture Zone; MSL: Medial Sumatra Line; MYFZ: Mae 
Yuam Fault Zone; NSZ: Nan-Uttaradit Suture Zone; Pk: Poko Suture; RRFZ: Red River Fault; SKSZ: Sa Kaeo Suture 
Zone; SM: Song Ma Line; TP: Tamky-Phuok Son suture. (b) Terrane Map of South-East Asia. Modify from Ferrari, 
Hochard and Stampfli (2007).
Starting State:
'XULQJ WKH &DUERQLIHURXV DQG 3HUPLDQ WLPHV PDUNHG GLIIHUHQFHV H[LVW EHWZHHQ WKH ZHVWHUQ VLGH
6LEXPDVXDQGWKHHDVWHUQVLGH6KDQ7KDLRIWKH0DH<XDP)DXOW7RWKHHDVWWKH,QWKDQRQ]RQHFRQWDLQV
WURSLFDOGHSRVLWVZLWKFRUDOVÀRUDIXVXOLQLGVDQGZDUPZDWHU%UDFKLRSRGV0\R0LQHWal. point out 
the fact that the fault represents the westernmost extension of the Carboniferous tropical facies as well as the 
HDVWHUQPRVWH[WHQVLRQRIWKHJODFLRPDULQH³SHEEO\PXGVWRQH´GHSRVLWVW\SLFDORIWKH&DUERQLIHURXVVWUDWD
RIWKH6LEXPDVXEORFN0RUHRYHU in western and peninsular Thailand (Sibumasu), Shi and Archbold (1995) 
described Asselian assemblages of fauna composed of cold water Brachiopods.
7KHSHEEO\PXGVWRQHVRPHWLPHVFRQWDLQGHWULWLFGLDPRQGVVKRZLQJFORVHLVRWRSLFDI¿QLW\ZLWKGLDPRQGV
IURPWKH$UJ\OHODPSURLWHLQ$XVWUDOLD*ULI¿QHWal.:LQHWal.LQGLFDWLQJDFRQQHFWLRQEHWZHHQ
the two areas and, therefore, a Carboniferous location of Sibumasu along the easternmost Gondwanan 
margin.
The clear stratigraphic and paleobiogeographic differences between the Shan-Thai and the Sibumasu blocks 
strongly suggests a starting state for our scenario with the Sibumasu blocks located along the Gondwanan 
PDUJLQDQGVHSDUDWHGIURPWKH6KDQ7KDLEORFNVE\DODUJHRFHDQLFUHDOPWKH3DOHRWHWK\V7KLVIDFWLVQRZ
widely accepted and has been demonstrated by many authors0\R0LQHWDO8HQR8HQR
8HQR8HQRDQG+LVDGD
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Timing of the  Opening and the Continental Migration:
Shi and Archbold (1995) showed that the fauna from Sibumasu presents a gradual decrease in Gondwanan 
DI¿QLW\RIWKHVSHFLHVLQWKH$VVHOLDQDQGDQLQFUHDVHLQ7HWK\DQDI¿QLW\LQWKH'RUDVKDPLDQ
This evolution in time, temperature and faunal assemblages is likely to witness the northwards displacement 
RIWKHEORFNIURPJODFLDOWRWURSLFDOFRQGLWLRQV2QWKHRWKHUKDQGLQWKH,QWKDQRQ]RQHWKHFRQGLWLRQVUHPDLQ
tropical during the whole Carboniferous and Permian time.
,Q LWV SODWH WHFWRQLFV PHDQLQJ WKH WHUP ³&LPPHULDQ´ GHVFULEHV D  NLORPHWUHVORQJ ULEERQOLNH
microcontinent included in a larger, mainly oceanic plate, composed to the south of the opening Neotethys and 
WRWKH1RUWKRIWKHFORVLQJ3DOHRWHWK\V7KHSURJUHVVLYHHYROXWLRQIURP*RQGZDQDQWRWKH1HRWHWK\VDI¿QLW\
RI6LEXPDVXVWURQJO\VXJJHVWVLWVEHORQJLQJWRWKH&LPPHULDQ0LFURFRQWLQHQW3DOHRPDJQHWLFGDWD0HWFDOIH
5LFKWHU HW DO 9DQ GHU9RR  DQG WKH UDSLG FKDQJH IURP/RZHU3HUPLDQ JODFLRPDULQH
sediments to warm water sediments are also in agreement with this interpretation. The opening of the Eastern 
Neotethys is well constrained in time and implies an opening of the Eastern Cimmerian blocks during the 
Early Permian.
More problematic is the interpretation of the modality for the opening of the Neotethys/closure of the 
Paleotethys. As for every single scenario, we have to decide whether opening process is of Back-Arc or Slab-
Pull type. In other words, we have to identify which plate is in lower position and which plate is in upper 
position. Actually, the subduction of a wide ocean as the Paleotethys must have created one or more volcanic 
DUFVDORQJLWVDFWLYHPDUJLQ7KHUHFRJQLWLRQRIWKHUHVXOWLQJYROFDQLFDUFVZLOOOHGWRWKHLGHQWL¿FDWLRQRIWKH
relative upper/lower position of plates.
Geodynamic Setting of the Opening: 
In the western Paleotethyan domain, northwards subduction of the ocean has been well established and, 







EXW LVRWRSLF83EGDWLQJE\%DUU HWal. JDYH DQ$QLVLDQ0DDJHZKLFK LVTXLWH WRR ODWH WR
witness that closure. The same authors interpreted the volcanites as subduction-related, without a possible 
GLVWLQFWLRQEHWZHHQDQDUFRUDEDFNDUFVHWWLQJ0RUHRYHUWKH/DPSDQJEHOWLVFRUUHODWHGZLWKWKH/LQFDQJ
-LQJKRQJYROFDQLFEHOWZKLFKDVGHPRQVWUDWHGE\+HSSHUHSUHVHQWVDELPRGDOEDFNDUFULIWLQJDQG
not a volcanic arc.
2WKHUSRVVLELOLWLHV LQ6RXWKHDVW$VLD3HQLQVXODU0DOD\VLDRU:HVW6XPDWUDKDYHEHHQHQYLVDJHGEXW
because of an unclear setting or wrong ages, they cannot be related to the closure of the Paleotethys (see 
)HUUDUL for a complete discussion).
2QWKHFRQWUDU\RQWKH6RXWKHUQPDUJLQLQWKH0HUJXLDUFKLSHODJR0\DQPDU6LEXPDVX%ORFN%HQGHU
GHVFULEHVWKHRFFXUUHQFHRIYROFDQLFURFNVLQWHUFDODWHGLQWKHVHGLPHQWVRIWKH0HUJXLVHULHV7KHVH
volcanites consist in tuffs and agglomerates with pumice, volcanic glass, porphyry, rhyolite, volcanic bombs, 
lapilli and fragments of sediments. They are assumed by the author to be Carboniferous in age but, as the 
0HUJXLVHULHVDUHVWLOOSRRUO\GDWHGLWLVOLNHO\WKDWWKHDJHRIWKHVHYROFDQLFVHULHVH[WHQGVLQWRWKH3HUPLDQ
In fact, such magmatic event must have a reason and the arc setting is probable.
In that case, the Sibumasu block which received the arc volcanism was located on the upper plate and the 
Eastern Neotethys opened in a back-arc setting. 
Up to here, in our scenario, we constrained the timing of the opening, the type of opening, the length of 
the continental migration. We still have to determine the timing and the nature of the closure and to compare 
laterally to see if our draft of scenario is compatible with the surrounding areas.
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Closure:
We started our demonstration by clearly differencing the Cimmerian Sibumasu block from the Shan-
7KDL EORFN7KHVH MX[WDSRVHG EORFNV DUH VHSDUDWHG E\ WKH0DH<XDP)DXOWZKLFKZH DVVXPHG WR EH WKH




DURXQG WKH1HRWHWK\VVXWXUHZKLFKPDLQO\ZLWQHVV WKHREGXFWLRQRIEDFNDUFEDVLQVDQGQRWVRPXFK WKH
VXEGXFWLRQRIWKHPDLQRFHDQ7KHERXQGDU\EHWZHHQWZRWHUUDQHVLVEHVWVKRZQE\WKHMX[WDSRVLWLRQRIWZR





is still the possibility that the spinels come from elsewhere, but their presence inside the molasse is a fact that 
must be taken into consideration.
0RUHRYHUYDULRXVVHFWLRQVLQWKHVXUURXQGLQJVRIWKH0DH+RQJ6RQ0DH6DULDQJURDGVKRZWKHIROORZLQJ
sequence: bedded chert, bedded chert with limestone blocks, turbiditic sandstone and arkosic sandstone, 
conglomerate. The arkosic sandstones and the conglomerates are clearly deposited in continental-epicontinental 












intercalated platform sediments. The Upper Carboniferous volcanites consist of intermediate and acidic lavas, 
mainly sub-alkaline basalts and andesites. The geochemistry of the lavas exhibits a calc-alkaline volcanic arc 
setting. The authors noticed that the geochemical data could also witness post-collisional setting, which they 
UHMHFWRQWKHEDVLVRIWKHSUHVHQFHRIWKHFRHYDOVKDOORZPDULQHVHGLPHQWV:HLQWHUSUHWWKHVHYROFDQLWHVDV
witnessing the presence of a volcanic arc, associated to the southwards subduction of the Palaeotethys, in view 
that the Lhasa block is clearly Cimmerian in nature. 
The fact that the Eastern Palaeotethys subducted southwards while the Western part subducted to the north 
implies that a plate limit must have existed between the two parts of the ocean, allowing opposite movement. 
Thus, in our reconstructions we represented an intra-oceanic subduction zone which, during its evolution, is 
responsible for the development of a new supra-subduction oceanic ridge by slab roll-back. The geodynamic 




I want to stress here, once again, that the scenario presented above has been developed during the present 
VWXG\RQWKHEDVLVRI2OLYLHU)HUUDUL¶V¿HOGZRUNDQGGDWDFRPSLODWLRQ$OOWKHUHVXOWVPHQWLRQHGKHUHDUHRU
will be) published with many details in Ferrari et al.)HUUDULHWal.)HUUDULHWal.VXEPLWWHGD
Ferrari et al.VXEPLWWHGEDQGFRPSLOHGLQKLV3K'7KHVLV)HUUDUL
74
Chapter 2:  Global Scale Plate Tectonics Modelling
LEGEND























































































































































































































Figure 2.5.15: Geodynamic reconstruc-
tions of South-East asia.
(a) Geodynamic reconstruction at 330 Ma 
(Early Carboniferous). (b) Geodynamic re-
construction at 290 Ma (Sakmarian).The 
initial breaks correspond to 1: Neotethys, 
2: Poko, 3: Song-Ma and 4: Nan oceans. 
From Ferrari et al.  (2008).
E-C: East Cimmerian; W-C:West-Cimerian; 
IC: Indochina; NC: North China; SC: South 
China; ST: Shan-Thai; OL: Orang-Laut
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Figure 2.5.16: Geodynamic reconstruc-
tions of South-East asia.
(a) Geodynamic reconstruction at 270 
Ma (Middle Permian). (b) Geodynamic 
reconstruction at 250 Ma (Lower Triassic). 
From Ferrari et al.  (2008).
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Figure 2.5.17: Geodynamic reconstruc-
tions of South-East asia.
(a) Geodynamic reconstruction at 240 
Ma (Middle Triassic. (b) Geodynamic re-
construction at 220 Ma (Upper Triassic). 
From Ferrari et al.  (2008).
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Conclusion and Discussion
3ODWHWHFWRQLFPRGHOOLQJUHTXLUHVUHFRQVWUXFWLQJSODWHVQRWRQO\WKHFRQWLQHQWDOSDUWEXWDOVRWKHRFHDQLF
parts. This is the main message of the present chapter. We presented above a methodology in which lost 
RFHDQLF UHDOPV DUH SURJUHVVLYHO\ UHFRQVWUXFWHG E\ DGGLQJUHPRYLQJ WKH RFHDQLFPDWHULDO V\PEROL]HG E\
synthetic isochrons) to continents.
The constraints brought by the existence of plates in terms of geodynamics greatly increase the relevance 
of models. Reconstructions based on a Wegerian approach only should be abandoned as they present too many 
uncertainties to be really believed.
The main point of our method is the multi-disciplinary approach. Using the best of paleomagnetism 
and paleobiogeography, we create continental distributions (key assemblies). Trying to integrate the whole 




We are aware that our method is singularly synthetic and we do not pretend to solve all the problems of 
modern geology. We do not either pretend to depict the real history of the Earth but only to provide a model 
as realistic as possible. 
Important limits can be mentioned concerning our methodology. First, we must consider the Terranes 
GH¿QLWLRQDQGWKHLQÀXHQFHRIWKHLUVKDSH,QIDFWWKH7HUUDQHVDUHGH¿QHGRQWKHSUHVHQWGD\RIWKHZRUOG:H
decided to cover the whole continental realm (and even a little more...) without empty area. This principle led 
XVWRGH¿QHVRPHWHUUDQHVVRPHWLPHVZLWKYHU\IHZLQIRUPDWLRQZKLFKFRXOGHDVLO\OHDGWRLQFRQVLVWHQFLHV
0RUHRYHU7HUUDQHVDVWKH\FXUUHQWO\GH¿QHGPD\EHGHVWLQHGWRFKDQJHEHFDXVHRIQHZGDWDRUEHFDXVHRI
models discrepancies (terranes re-assemblage or subdivision...). When it happens, choices have to be made 
ZKLFKDUHVRPHWLPHKLJKO\VXEMHFWLYHVRPHWLPHXQLTXHO\E\FRQYHQLHQFH7KLVLPSO\WRWHVWWKHFRQVLVWHQF\
RIWKH7HUUDQHVVHWZLWKUHJDUGWRWKHJHRORJLFDOGDWDVHWIRULQVWDQFHFRPLQJIURPWKH3DOHR'\QGDWDEDVH
and to never hesitate to restart a work which has been already done hundreds of times. Automating such a 
WDVNFRXOGDSSHDUDVDKXJHLPSURYHPHQW7KHWHUUDQHVVKDSHVDUHDOVRDOLPLWDWLRQ$VWKH\DUHGH¿QHGLQ
the present-day, they underwent deformations which are sometimes critical. If we consider for instance the 
present shape of the Tibetan terranes, it appears obvious that they underwent an important elongation. On 
the contrary, some terranes appear now larger than they were before, because of a recent extension. We try 
WRWDFNOHWKLVLVVXHE\FUHDWLQJJDSVRURYHUODSVEHWZHHQWKHWHUUDQHVEXWWKLVLVRQFHDJDLQVXEMHFWLYHHYHQ
if geological data often motivate our choice). It could be interesting here to add a quantitative control on the 
terranes deformation to limit (or at least quantify) the resulting uncertainties.
This latter point is to relate with the intra-plate deformation which is another limitation of our method. The 
rigidity of plates is one of the fundaments of the plate tectonics. Plates can move because the stress produce at 
one end is transmitted to the other end, through the plate, without deformation. However, it is well established 
now (mainly thanks to GPS measurements) that intra-plate deformation exists (particularly in orogenic areas). 
We consider this issue by allowing motion between the terranes during continental collisions. However, the 
preserve the geometrical constraint, we do not want to add more intra-plate deformation which could add a 




the opening is highly asymmetric with one of the two sides suffering an important extension (tilted blocks) 
along the detachment fault. Such an asymmetry is generally in the scale of our uncertainties and poses, most 
RIWLPHQRSUREOHP1HYHUWKHOHVVZKHQFRQVLGHULQJVPDOOEDVLQVDQGUHGXFHGDUHDV7KH$OSLQH7HWK\VIRU
LQVWDQFHLWPD\EHFRPHFULWLFDO:HFRXOGTXLWHHDVLO\WDNHLQWRDFFRXQWRIWKLVGHIRUPDWLRQE\GH¿QLQJWKH





Chapter 2:  Global Scale Plate Tectonics Modelling
We exposed here a methodology fundamentally developed before the beginning of the present study by 
3U6WDPSÀLDQGKLVVXFFHVVLYHFRZRUNHUVPDLQO\-0RVDUDQG*%RUHO7KHSUHVHQWFKDSWHU LVPDLQO\
dedicated to formalise the approach.
1HYHUWKHOHVVPRUH WKDQ D VLPSOH IRUPDOLVDWLRQZH UHDOO\ HQKDQFHG WKH SURFHVV E\ V\VWHPDWLVLQJ WKH
FRQVWUDLQWV JHRG\QDPLFDOJHRPHWULFDO DQG NLQHPDWLF DSSOLFDWLRQPDLQO\ WKDQNV WR WKH GHYHORSPHQW RI D
EUDQGQHZFRPSOHWHVHWRIWHUUDQHV0RUHRYHUZHH[WHQGHGWKHVFRSHRIWKHUHFRQVWUXFWLRQVWKURXJKVSDFHDQG
time and decreased the average time interval between to reconstructions.
Finally, we tested the paleomagnetic data of the reference frame primary used (i.e. Baltica) against real 
kinematics parameters to eventually decide a change of reference frame and the development a new composite 
one. Such a decision once again increased the validity of the model by correcting kinematic inconsistencies 
previously generated by the reference frame.
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- Chapter 3 -
GIS and Geodatabases: tools for plate tectonics 
modelling
Introduction
In sciences in general and in plate tectonics reconstructions in particular, the best theoretical principles can 
come up against sorely surmountable technical obstacles. The variety and the bulk of data necessary for plate 
WHFWRQLFPRGHOOLQJDQGWKHWLPHFRQVXPHGE\RXULWHUDWLYHDSSURDFKUHSUHVHQWWKHPDLQGLI¿FXOWLHV'XULQJ
the present work, a large part of the time has been involved to enhance the technical implementation of the 
theoretical principles.
7KHYDULHW\IRUPDQGYROXPHRIQHFHVVDU\GDWDKDYHJURZQVLJQL¿FDQWO\ZLWKWKHVSDWLRWHPSRUDOLQFUHDVH
RI WKH UHFRQVWUXFWLRQV VFRSH 3ULRU WR WKH EHJLQQLQJ RI WKH SUHVHQWZRUN 3U 6WDPSÀL DQG KLV FRZRUNHUV
reached the limits by covering the whole Tethyan realm. It has become essential to use specialized professional 
softwares and appropriate databases to turn the huge amount of data into usable information. 
GIS softwares are modern informatics tools suitable for geographical data management.  They offer the 
SRVVLELOLW\WRPRUHHI¿FLHQWO\DQGPRUHUDSLGO\FUHDWHWKHUHFRQVWUXFWLRQV0RUHRYHUWKH\LQFOXGH'DWDEDVH
0DQDJHPHQW 6\VWHPV '%06 ZKLFK DOORZ FUHDWLQJ DQG WKHQ PDQDJLQJ JHRJUDSKLFDO GDWDEDVHV RU
JHRGDWDEDVHV+RZHYHUSULPDULO\ WKH\DUHQRWVSHFL¿FDOO\GHVLJQHGIRUSODWHWHFWRQLFVPRGHOOLQJ$ERYH
all, they are not able to manage Euler rotations. Nevertheless, it is possible to modify them and implement 
QHFHVVDU\WRROVWKDQNVWRSURJUDPPLQJODQJXDJHVGLUHFWO\HPEHGGHG$ODUJHSDUWRIWKHSUHVHQWVWXG\KDV
EHHQGHYROYHGWRVSHFL¿FWRROVGHYHORSPHQW
Concerning the data, we separated our approach in two domains: the present and the past. In the present, 
we elaborated the PaleoDyn geodatabase which integrate the data used for the reconstruction work. The 
past is represented by the plate models which have been stored in a second database: the Reconstructions
GDWDEDVH:KHUHDVWKHUHFRQVWUXFWLRQVGDWDEDVHKDVDVLPSOHRUJDQLVDWLRQWKH3DOHR'\QGDWDEDVHSUHVHQWD
FRPSOH[DUFKLWHFWXUHEDVHGRQKLJKOHYHO relational data-model.
In the present chapter, we start by illustrating the GIS application to plate tectonics modelling and the 
reconstructions database organization. We also present the range of tools developed. In a second time we expose 
WKHUHÀH[LRQZKLFKSUHFHGHGWKH3DOHR'\QGDWDEDVHGHYHORSPHQWZHVKRZKRZLWKDVEHHQLPSOHPHQWHGDQG
then how it practically serves plate tectonics modelling.
3.1 GIS software applied to plate tectonics modelling: building of the 
Reconstructions Database.
 3.1.1 Context
For a better understanding of the current technical implementation of the reconstructions, it is necessary to 
EULHÀ\UHWUDFHWKHLUORFDOKLVWRU\7KHUHFRQVWUXFWLRQZRUNVWDUWHGLQ/DXVDQQHZLWKWKHDUULYDORI3U6WDPSÀLLQ
1987. Since that time, he has developed the plate tectonics modelling method explained herein with numerous 
FRZRUNHUVDPRQJZKLFKZHFDQFLWH LQFKURQRORJLFDORUGHU$ODLQ3LOOHYXLW-RQ0RVDUDQG*LOOHV%RUHO
%DVLFDOO\ WKH UHFRQVWUXFWLRQV UHÀHFWHG JHRORJLFDO SUREOHPV 3URJUHVVLYHO\ JHRG\QDPLFV DQG NLQHPDWLFV
LVVXHVKDYHEHHQLQFRUSRUDWHG$VPHQWLRQHGLQVHFWLRQPRYLQJIHDWXUHVZLWKRXWGHIRUPDWLRQVDERYHWKH
Earth surface require to apply mathematical theorems such as the Euler poles of rotations and consequently to 
PDNHXVHRIVSHFL¿FVRIWZDUHV
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In these conditions, to go further, the use of professional GIS softwares appeared necessary. 
What does this line
correspond to?
What is the age 
of this anomaly?
Figure 3.1.1: African 
plate during the Early 
Cretaceous (121Ma) 
represented with 
GMAP software. This 
file contains 187 fea-
tures not described by 
associated attributes. 
In these conditions, it 
appears very difficult 
to know the signifi-
cance of the features 
which is necessary to 
apply the principles of 
dynamic plate bound-
aries.
 3.1.2 Reconstructions data organization and tools developments
*HRJUDSKLF,QIRUPDWLRQ6\VWHPVDURVHGXULQJWKHHDUO\¶V7KH\SUHVHQWWKHSRVVLELOLW\WRVWRUHDQDO\]H
and manage data and associated attributes spatially referenced on the Earth. We could consider any software 
DEOHWRGHDOZLWKJHRUHIHUHQFHGGDWDDVD*,6,QWKDWVHQVH*0$3FRXOGEHFRQVLGHUHGDV*,6VRIWZDUH
+RZHYHUDPDLQGLIIHUHQFHLVWKHIDFWWKDW*,6VRIWZDUHVSURSRVHDZD\WRVWRUHDQGRUJDQLVHWKHJHRJUDSKLFDO









which was, therefore, necessary to implement by ourselves.
We started the reconstructions work in GIS with MapInfoVRIWZDUH¿JXUHZKLFKLVTXLWHHDV\WR
use and easy to modify with the embedded MapBasic programming language.
In the present paragraph we expose the reconstruction data organization and the various tools developed.
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two identical features representing their common limit. In other words, as all the limits are interconnected, all 
WKHSODWHVDUHVXUURXQGHGE\RWKHUSODWHVDQGDOOWKHIHDWXUHVUHSUHVHQWLQJWKHOLPLWVQDPHO\WKH5LGJHVWKH
6XEGXFWLRQ=RQHVDQGWKH7UDQVIRUPIDXOWVDUHGXSOLFDWHG%\GRLQJVRLWLVHDVLO\SRVVLEOHWRPRYHRQH






Figure 3.1.2: The African plate 
during the Early Creataceous 
(121Ma) represented in Map-
Info GIS software. All the fea-
tures are described with at-
tibutes. A color classification 
based on those attributes has 
been applied (windows a and 
c). The significance of each 
feature is clearly identifiable. 
All the attributes (e.g. name, 
Type, Age etc...) are stored in 


























Figure 3.1.3: Schematic representation of plate motion in GIS software. (a) In the first step the three plates are contigu-
ous. The Semail plate and the Indian plate are separated by a ridge; the African plate and the Semail plate by a subduc-
tion zone. (b) In the second step, the semail plate has turned around the roation pole P. As the limits are stored two times 
(one time on each plate), gaps and overlaps between plates appear clearly. The gap between India and Semail will be 
filled with a new rigde and the subducted material under Semail will be removed.
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 ³3ODWH /LPLW´ ¿HOG ZLWK
%RROHDQYDOXHV




Nineteen various types of 
SRO\OLQHV KDYH EHHQ GH¿QHG WR
UHSUHVHQW WKH UHFRQVWUXFWLRQ VHH
)LJF Ridge, Subduction Zone, 
Active Margin, Transform Fault, 
Isochron, Rift Margin, Passive 
Margin, Collision Zone, Obduction 
Front, Inversion Zone, Suture 
Zone, Hotspot, Seamount, Terrane 
Limit, Basin Limit, Craton Limit, 
Geological Limit, Geographical 
Limit and Diffuse Extension 
Zone. Features making up the plate 
¿OHV DUH QHFHVVDU\ RI RQH RI WKRVH
types. Notice that when the feature 
types correspond to a geodynamic 





When a feature represents a 
SODWH OLPLW WKH ³3ODWH /LPLW´ YDOXH
LV³7UXH´:KHQDIHDWXUHUHSUHVHQWV
D &RQWLQHQW2FHDQ %RXQGDU\ WKH










these ages to the buoyancy of the oceanic lithosphere and estimate its pulling capacity when subducting. In 






































































































































































































































Total Number of Features:
Table 3.1.1: Statistics of the Reconstructions.  For the 35 reconstructions, 
781 Plates have been created representing a total of 29050 objects. In aver-
age, one reconstruction is composed by 22 plates, and each plate contains 
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Figure 3.1.4: Present-Day map of the World shown with the data classification of the reconstructions. The terranes 
have been defined for the PaleoDyn database following the principles exposed chapter 2.2. Isochrons are from Müller 
et al. (1997) except for the time span between 84Ma and 121Ma (Cretaceous “quiet zone”) where they have been re-
constructed (“synthetic isochrons”, see for instance the Gulf of Biscay or the North Western margin of Australia). Notice 
that no obduction front is currently observable. Plates:  Afr: Africa; Alb: Alboran; Ant: Antartica; Arab: Arabic Peninsula; 
Aus: Australia; Ban: Banda; Bis: Bismark; Cal: Calbria; Car: Caribbean; Co: Cocos; East: East; ESc: East Scotia; Eur: Eurasia; Ind: 
India; JdF: Juan da Fuca; Mar: Marianas Arc; Mol: Molucca; Nam: North America; Naz: Nazca; NB: New Britain; NFid: North 
Fidji; Pac: Pacific; Phil: Philippines Sea ; PI: Philippines Island ; Sam: Sout America; Sol: Solomon; Sul: Sula; TC: Tonga-Ker-
madec; Tur: Turkish plate; WFd: West Fidji; Wood: Woodlark; WSc: West Scotia;
84





























































































centred on 0°E - 0°N
Orthographic projection 
centred on 180°E - 0°N
Plates:   Afr: Africa; Alb: 
Alboran; Ant: Antartica; Arab: 
Arabic Peninsula; Aus: 
Australia; Ban: Banda; Bis: 
Bismark; Cal: Calbria; Car: 
Caribbean; Co: Cocos; East: 
East; ESc: East Scotia; Eur: 
Eurasia; Ind: India; JdF: Juan 
da Fuca; Mar: Marianas Arc; 
Mol: Molucca; Nam: North 
America; Naz: Nazca; NB: New 
Britain; NFid: North Fidji; Pac: 
Pacic; Phil: Philippines Sea ; 
PI: Philippines Island ; Sam: 
Sout America; Sol: Solomon; 
Sul: Sula; TC: Tonga-Kerma-
dec; Tur: Turkish plate; WFd: 









present the most important tools developed during the present study.
7KHGHYHORSHGWRROVDUHFODVVL¿HGLQWRWZRFDWHJRULHVData Management Tools and Rotation Tools.
7KH URWDWLRQ WRROV DUH PDLQO\ EDVHG RQ DOJRULWKPV GHYHORSHG E\ &R[ DQG +DUW  XVLQJPDWUL[
calculation. They include:
- A Feature Rotator, able to rotate one feature, a set of features, one plate or a group of plates. The 
URWDWHGIHDWXUHVDUHGLUHFWO\VHOHFWHGRQWKHPDS7KHURWDWHGSODWHVDUHVHOHFWHGLQWKH¿OHVOLVW7KH
URWDWLRQSROHVFDQEHPDQXDOO\HQWHUHGFOLFNHGRQWKHPDSRUVHOHFWHGLQURWDWLRQ¿OHV












- A Poles Adder.
- A Rotation Files Creator7KLVWRRODXWRPDWLFDOO\VWRUHVWKHURWDWLRQVSHUIRUPHGLQDURWDWLRQ¿OH,W
LVDOVRDEOHWRFKDQJHWKHUHIHUHQFHIUDPHRIDURWDWLRQ¿OHe.g.%DOWLFD¿[HGWR*RQGZDQD¿[HGDQG
to calculate the equatorial velocities of the rotations, which are used for our kinematic control.
- A Velocity Calculator, which calculates the velocity at a particular point of a plate with respect to a 
VHOHFWHGURWDWLRQSROHDOVRXVHGIRUWKHNLQHPDWLFFRQWURORIWKHPRGHO
7KH'DWD0DQDJHPHQW7RROVLQFOXGH
- A Reconstruction Controller, which checks the 
YDOLGLW\RIWKHDWWULEXWHVYDOXHV)RULQVWDQFHD5LGJH
IHDWXUHPXVWDOZD\VEHDSODWHOLPLWDQGQHYHUD&2%
limit. This tool also checks the consistency between 
WKH7HUUDQH,'DQGWKH7HUUDQH1DPH
- A³Symbologer´ZKLFKDOZD\VDSSO\WKHVDPH
symbology to the same features. The symbology is 
VKRZQ¿JXUH&
- A Features Selector0DS,QIRVRIWZDUHLQFOXGHVD
64/6HOHFWLRQ4XHU\/DQJXDJHWRRODEOHWRVHOHFW



















1 Import/Export; 2 
Feature Rotator; 3 
Pole Finder; 4 Recon-
struction Controller; 
5 Feature Selector; 6 
Rotation File Creator; 7 




Chapter 3:  GIS and Geodatabases: tools for plate tectonics modelling
¿OHV RI*0$3 LQWR0DS,QIR DQG WR DVVRFLDWH DWWULEXWHV WR DOO WKH IHDWXUHV FRPSRXQGLQJ WKH SODWHV7KH\
PDGHUHFRQVWUXFWLRQZRUNHDVLHUDQGJUHDWO\GHFUHDVHGWKHWLPHQHFHVVDU\WRFUHDWHDQHZUHFRQVWUXFWLRQ%\
automating the rotation poles calculation and storage they allowed us to increase the kinematic part of our 
approach and subsequently the quality of the model.





I keep six honest serving-men
(They taught me all I knew);
Their names are What and Why and When
And How and Where and Who.
*LOHVLQGHHGXQGHUOLQHGWKDWWKHVL[³VHUYLQJPHQ´VKRXOGDFWDVDJXLGHWRHYHU\RQHFUHDWLQJDQG















into information was a fundamental priority.
Thus, the primary function of PaleoDyn is to organize the huge volume of geological data required by 
plate models and to make it accessible, so that it becomes information7KHREMHFWLYHVRI3DOHR'\QDUH
therefore practical and straightforward:
 6WRULQJDUDQJHRIJHRORJLFDOGDWDDVODUJHDVSRVVLEOH7KHZKROHVSHFWUXPRIJHRORJLFDOGLVFLSOLQHV
is likely to be relevant for geodynamics.
 &RQYHUWLQJJHRORJLFDOGDWDLQWRYDOXDEOHJHRG\QDPLFDOLQIRUPDWLRQ,QRXUSRLQWRIYLHZVXFKDQ
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3.2.2 Why is a digital database being considered?
'LJLWDOPRGHOVRI WKH(DUWK¶VKLVWRU\DUHVR ORQJXVHGE\ WKHVFLHQWL¿FFRPPXQLW\ WKDWQRERG\ LVVWLOO
asking the reasons of such a digital form. It is the same with databases. There is a common assumption that all 
databases are digital, but it is forgotten that banks used manual databases to process data for statements and 
invoices long before computers were invented. In a lot of cases, it can be argued that there is no need to build 
DGLJLWDOV\VWHPLILVVXHVDUHVLPSOH+RZHYHUDVVKRZQLQ&KDSWHUSODWHWHFWRQLFVLVVXHVDUHQRWVLPSOH
DQGLQWHJUDWHKLJKOHYHOSURFHVVHV'DWHDQGODWHU(OPDVULDQG1DYDWKHH[SRVHGWKHSULQFLSDO






%\ VWRULQJ UHFRQVWUXFWLRQV SDUDPHWHUV i.e. WKH URWDWLRQ SROHVZH FDQ FDOFXODWH QHZPRGHOV DSSO\PRUH
FRQVWUDLQWV VXFK DV NLQHPDWLF SDUDPHWHUV DQG HYHQWXDOO\ VKDUH WKH UHVXOWVZLWK RWKHU VHDUFKHUV 6XFK DQ
approach is a drastic change with what was done before the beginning of the current work. Without GIS 
softwares and newly developed tools, neither the automated calculation of rotation poles nor their storage was 
GRQH$FRPSOHWHGDWDEDVHLQFOXGLQJJHRORJLFDOGDWDDQGPRGHOVSDUDPHWHUVLVWKHUHIRUHQHHGHGWRVKDUHRXU
PRGHOVZLWKWKHUHVWRIWKHVFLHQWL¿FFRPPXQLW\DQGFRPSDUHWKHUHVXOWV
0RUHRYHU GLJLWDO V\VWHPV LQFUHDVH VSHHG RI GDWD UHWULHYDOV$GDWDEDVH VSHFL¿FDOO\ GHVLJQHG IRU SODWH
WHFWRQLFV UHFRQVWUXFWLRQV WKXV KLJKO\ LQFUHDVHV WKH HI¿FLHQF\ RI WKHZRUN E\ OLPLWLQJ WKHZDVWH RI WLPH




FRPSOH[ WKDW VXFKDQ LVVXH LV FORVH WRDUWL¿FLDO LQWHOOLJHQFH V\VWHPV:HDGRSWHGDPRUH UHDOLVWLFZD\E\
GHYHORSLQJDGDWDEDVHZKLFKDOORZVDSRVWFKHFNLQJRIWKHUHFRQVWUXFWLRQV7KHXVHRIDUWL¿FLDOLQWHOOLJHQFH
systems could be envisaged as a new step forward for the model in the future.
3.2.3 When, if ever, will the cost and effort of creating the database be repaid?
-5$*LOHVDVNHGWKLVTXHVWLRQXQGHUWKHOLJKWRIDJHQHULFFRQWH[W7KHFRVWLQPRQH\RID3K'SURMHFW
KDVQRWWREHFRQVLGHUHGLQWKHUHVXOWVUHSRUW,WLVQRWWKHDLPRIWKHSUHVHQWVFULSWWRFRQVLGHUWKH¿QDQFLDO






be a success if the time lost during the data acquisition is compensated by an increase and a better control on 
WKHPRGHOV2QFHDJDLQWKHGDWDEDVHGHYHORSPHQWLVQRWDQHQGEXWDPHDQ7KHVXFFHVVRIWKHSURMHFWVKRXOG
EHLOOXVWUDWHGE\QHZVFLHQWL¿FUHVXOWVXQUHDFKDEOHZLWKRXWWKHGDWDEDVH
3.2.4 Where are the users?
'DWDEDVHV\VWHPVE\WKHLUQDWXUHDUHGHVLJQHGWRSURYLGHGDWDWRWKHLUXVHUV7KH3DOHR'\QSURMHFWKDV










3.2.5 Who will be responsible for maintaining the integrity of the database?




study. Thus, a complete set of tools must be developed to maintain the integrity of the database, facilitate its 
SUDFWLFDOXVHDQGWRDOORZWKHSURMHFWWRFRQWLQXH
3.2.6 How will the database be designed and created?
2QFHFOHDUREMHFWLYHVKDYHEHHQGH¿QHGWKHQHHGRIDGLJLWDOV\VWHPMXVWL¿HGWKHFRVWVHVWLPDWHGWKH
XVHUVDQGGDWDPDQDJHUUHFRJQL]HGWKHQWKHGHVLJQGHFLVLRQVKDYHWREHPDGH$FFRUGLQJWR*LOHV
for too long geological database design was simplistic. Concerning plate tectonics modelling, we also stated 
that, most of times, the approaches were too simplistic. In his overview of databases analysis and design for 
JHRORJLFDOV\VWHPV5DVPXVVHQQRWLFHGWKDWRQHRIWKHPDMRUSUREOHPVLQJHRORJLFDOV\VWHPVLVWKDW
JHRORJLFDOGDWDDUHQRW³IRUPEDVHG´7KHVHGRQRWFRQVLVWRIVLPSOH¿HOGVZLWKVLQJOHYDOXHVEXWUDQJHIURP
text in report through to analogue data such as seismic traces and maps. Conventional database management 
V\VWHPVKDQGOHGVXFKGLYHUVLW\RIGDWDYHU\SRRUO\$VSODWHPRGHOOLQJUHTXLUHVDODUJHUDQJHRIJHRORJLFDO
GLVFLSOLQHV 3DOHR'\Q ZRXOG QHFHVVDULO\ IDFH WKH VDPH SUREOHPV +RZHYHU WKH ODVW IHZ \HDUV VDZ WKH
development of modern and complex GIS softwares including Relational Database Management Systems 
5'%06DEOHWRPDQDJHVXFKGLYHUVLW\1HYHUWKHOHVV0DS,QIRVRIWZDUHLVQRWRQHRIWKRVH,WGRHVQRW
RIIHUWKHSRVVLELOLW\WRHI¿FLHQWO\LPSOHPHQW3DOHR'\Q2QWKHFRQWUDU\Esri’s ArcGIS software includes 
WZR5'%06EDVHGHLWKHURQ0LFURVRIW$FFHVVWHFKQRORJ\VLQJOHXVHUGDWDEDVHRURQ2UDFOHWHFKQRORJ\
PXOWLXVHUVAs consequence, we developed the PaleoDyn database in ArcGIS.
3.3 PaleoDyn database Relational Data Model
$GDWDEDVHLVDQDVVRFLDWLRQRIGDWDRUJDQLVHGWRUHDFKDVSHFL¿FDLPThe main aim of the PaleoDyn 
database is to provide geological data geodynamically interpreted directly available on top of the 
reconstructions. 
In a very primary form, writing telephone numbers with their corresponding names on a white piece 
RISDSHU LVDOUHDG\FUHDWLQJDGDWDEDVH*HRGDWDEDVHVDUHGDWDEDVHVVSHFL¿FDOO\GHGLFDWHGWRJHRJUDSKLFDO




Notice  that  the structure of the 
reconstructions database is repeated here only 











Figure 3.3.1: Data Model of the Reconstructions. 
Rectangles symbolise the tables, ovals symbolise the 
attributes fields. One plate is stored in one table. Ev-
ery single feature compounding a plate is character-
ized by six attributes. A reconstruction is a set of Plate 
tables.
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 6WRUHWKHgeological data used to create the reconstructions.
 6WRUHWKHYDULRXVgeodynamic interpretations of those geological data and the resulting geodynamical
scenarios.
 6WRUHWKHmodel parameters, namely the rotation poles.
7KHGDWDPRGHO VKRZQ¿JXUH  LV QDPHG ³Relational” DV LW ¿JXUHV LQ WKH VDPH WLPHV WKH tables 




First of all it is very important to emphasis that all the 
geographical data are stored in their present-day position.
$V WKH REMHFWLYH RI WKHPaleoDyn database is not only to store 
geological data in the present but also to use them during the 
UHFRQVWUXFWLRQZRUNWKHFHQWUDOHQWLWLHVRIWKHGDWDPRGHODUHWKH
terranes which represent the unique link between the present and 
the past. 
A Terrane is described by an ID number, a Name, an 
abbreviation, an age of appearance FRUUHVSRQGLQJ WR WKH DJH
IURPZKLFKWKHWHUUDQHH[LVWVRQWKHUHFRQVWUXFWLRQVDQGSRVVLEO\
one or several synonyms D VLQJOH WHUUDQH PD\ KDYH VHYHUDO




are directly related to the Terranes. Whereas a terrane may count 
several geological data, a geological data is related to one, and 
RQO\ RQH WHUUDQH$ JHRORJLFDO GDWD LVPDLQO\ GHVFULEHG E\ DQ
ID number XQLTXHNH\YDOXHDQGDType which correspond to 
DOLVWRISRVVLELOLWLHVWKDWZHHVWDEOLVKHGVHHWDEOH7KH
SKLORVRSK\ RI WKH3DOHR'\QGDWDEDVH FRQFHSWLRQ LV WR NHHS DV
PXFKDVSRVVLEOHWKHLQWHUGLVFLSOLQDU\DSSURDFKRIRXUPHWKRG







Ophiolitic Melange and Ophiolitic Sequence7KHYDULRXVW\SHV
are, thus, not equal in term of geological accuracy.
*HRORJLFDOGDWDDUHFRPLQJ IURPVFLHQWL¿F VWXGLHVEXW WKHLU
interpretation may be different between the author and the 
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Figure 3.3.2: Relational Data Model of the 
PaleoDyn Geodatabase.Tables are symobi-
zed by rectangles. Blue rectangles symbol-
ize geographical tables.  Ovals represent the fields of the tables.  Rhombs correspond to the 
relationships between the tables. The tuples are characterised by their cardinalities.  The first 
number of the cardinality gives the minimum number of feature in the tuple, the last cor-
respond to the maximum.  For instance, a geological data is necessary related to one terrane 
but only to one (cardinality 1,1) whereas a terrane can have no geological data associated 
with or several (cardinality 0,n). Relationship fields exist when a specific value limits the ex-
istence of a tuple. Thus, a terrane will belong to a plate only for the time span limited by the 
“Upper_Age” and “Lower_Age” values.
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PXVW WKHUHIRUH VSHFLI\ ZKHWKHU WKH VHOHFWHG W\SH FRUUHVSRQGV WR WKH DXWKRU¶V LQWHUSUHWDWLRQ RU LWV RZQ













ple of Geological 
Data as stored in 
PaleoDyn data-
base.  (1) geologi-
cal type; (2) free 
comment (maxi-
mum 255 charac-
ters); (3) temporal 
limitation; (4) Rela-
tionships.
To keep a trace of who stored the geological information, geological data are related to an author who
LV LGHQWL¿HGE\DQ ,'QXPEHUDQGDQDPH([FHSW WKHDXWKRUV OLVWHG LQ WKLV WDEOHQRERG\FDQPRGLI\ WKH
*HRORJLFDO'DWDWDEOH1%WKHDXWKRUKHUHLVQRWD³VFLHQWL¿FDXWKRU´DVPHQWLRQHGDERYHEXWWKHSHUVRQ
who stored a data into the database. The word “author” here is confusing and has to be revised.
Terranes and Geological Data are related to Bibliographical References. For the terranes, it describes the 
UHIHUHQFHVXVHGIRULWVGH¿QLWLRQ)RUWKHJHRORJLFDOGDWDLWFRUUHVSRQGVWRDOOWKHVWXGLHVGHOLYHULQJWKHVDPH
information. Terranes and Geological Data may have multiple Bibliographical References but a reference 
H[LVWVLQWKHGDWDEDVHRQO\LILWOHGWRWKHGH¿QLWLRQRIDWHUUDQHRUDJHRORJLFDOGDWDWKHDLPKHUHLVQRWWRFUHDWH
WKHPRVWFRPSUHKHQVLYHJHRORJLFDOUHIHUHQFHVGDWDEDVHRIWKHZRUOG
$OO WKH ELEOLRJUDSKLFDO UHIHUHQFHV DUH PDQDJHG LQ DQ H[WHUQDO VSHFLDOLVHG VRIWZDUH (QG1RWH ,Q WKH
GDWDEDVH D UHIHUHQFH LV WKXV LGHQWL¿HGE\ LWV FRUUHVSRQGLQJEndNote ID$EULHI GHVFULSWLRQRI WKH VWXG\






VHHIRULQVWDQFHWKHPRGHOVRI6WDPSÀLDQG%RUHODQG. In those studies main geological areas are 
located on the maps thank to a list of abbreviations. In order to keep a direct link with those studies we listed 
those areas into the Key Localities table. Key localities are described by an abbreviationFRUUHVSRQGLQJWRWKH
DEEUHYLDWLRQRIWKHSUHYLRXVVWXGLHVDfull name and ages of appearance and disappearance indicating when 
those localities are relevant.
In the same way, we stored the Geographical MarksXVHGLQWKHSUHYLRXVPRGHOVLQWKH³Geographical
Mark´WDEOH8VXDOO\WKHSUHVHQWGD\JHRJUSDK\LVQRWHDV\WRUHFRJQLVHXVLQJRQO\WKHWHUUDQHVVKDSHV7KH
geographical marks help the user to better recognize the geographical environment of his work. 
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3.3.2 Geodynamic Interpretation
:HVDZLQWKHVHFWLRQWKDWgeodynamical scenarios could be represented as two dimensional series 
VHH¿JXUHVDQGRUDVPDSVQDPHO\LQUHFRQVWUXFWLRQVVHHWKHH[DPSOHVVHFWLRQ
%XWDFFRUGLQJWRWKHFXUUHQWVWXG\DVFHQDULR
is a set of geological data geodynamically 
interpreted and organised in steps through time 
VHH¿JXUH
In the database, geodynamical scenarios 
are stored with the same approach. The 
Geodynamical  Interpretations table  is 
a simple list of geodynamic environments 
LGHQWL¿HGE\DType and an ID numberSUHVHQWHG
WDEOH $V ZH DOUHDG\ VDLG JHRORJLFDO
data are most of time not interpretable in term 
of geodynamics by themselves. Following 
various scenarios a data may have different 
interpretations. This is the reason why there 
is a complex relationship between Geological
Data and Geodynamical Interpretations 
VHH WKH GDWD PRGHO ¿JXUH  DQG ¿JXUH
 ZKLFK DUH JURXSHG DQG RUGHUHG LQWR
geodynamic scenarios. 
$ Geological Data may have zero 
3DOHRPDJQHWLF 'DWD IRU LQVWDQFH RQH RU
several Geodynamical Interpretations.
+RZHYHU HYHU\ LQWHUSUHWDWHGGDWDEHORQJV WR DW OHDVWRQH VFHQDULRZKLFK LV LGHQWL¿HGE\ LWV ,'QXPEHU




























































































Figure 3.3.4: Extract of the figure 2.5.9 showing the necessity to 
organise data in steps in order to develop outlines of scenarios 























ID Type AgeInf AgeSup ...
...1 SRS 200 170
...2 ES 180 170
...3 BAS 170 150

































































Figure 3.3.5: Relationship 
between Geological Data 
and Geodynamic Interpre-
tations in PaleoDyn data-
base.  The relationship table 
groups and orders the geo-
dynamic interpretations of 
geologcial data in scenarios. 
Geological types: SRS=Syn-
Rift Series; ES=Evaporitic 
Sequence; BAS=Back-Arc Se-
ries; AV=Arc Volcanism (see 
the complete list  table 3.3.1). 
Geodynamic Interpretations 
Types: AM=Active Margin; 
BA= Back-Arc; FA=Fore-Arc; 
A=Arc; OIA=Oceanic Island 
Arc; R=Rift (see the complete 
list table 2.6.3). The schemat-
ic representation illustrates 







Chapter 3:  GIS and Geodatabases: tools for plate tectonics modelling
3.3.3 Model Parameters
5RWDWLRQ SROHV DUH WKH NLQHPDWLF SDUDPHWHUV RI WKH
model. There are two aims to the rotation poles storage in the 
GDWDEDVHWREHDEOHWREULQJGDWDIURPWKHSUHVHQWWRWKH
SDVW WREHDEOHWRGHVFULEHWKHUHFRQVWUXFWLRQVZLWKWKH
plate motions and compare our model with others.
To go from the present to the past, we use ¿QLWHURWDWLRQ
polesZKLFKDUHVWRUHGLQWRWKH³Terrane Finite Rotation Pole´
WDEOH2QH WHUUDQH LV UHODWHG WR D VHW RI URWDWLRQSROHV RQH
URWDWLRQSROHSHUUHFRQVWUXFWLRQLQRQHUHIHUHQFHIUDPHEXW
one rotation pole correspond to one, and only one terrane.
The data which we need to move from the present to the 
past are the Geological Data, the Geographical Mark and the 
Key Localities$OOWKRVHGDWDDUHDVVRFLDWHGZLWKRQHDQGRQO\
one terrane in which, most of times, they are geographically 
LQFOXGHG$V WKH WHUUDQHV¿QLWHURWDWLRQSROHVDUHNQRZQ LW
is possible to apply the same rotations to their associated 
elements and thus replace them into their past position. 
7KLVPHWKRGLVDSSOLFDEOHLQPRVWRIFDVHV+RZHYHUWKH
terranes represent only the continental parts of the plates. 
/DUJHRFHDQLFUHDOPVZKLFKH[LVWHG WKURXJKWLPHVDUHQRZ
practically disappeared. Their only observable traces today 
are the sutures in which crucial data lie. In order to be able to 
replace those data in the middle of the oceans it was necessary 
WRDGRSWDVSHFL¿FPHWKRG
Thus, geological data lying in sutures have been 
GLVFULPLQDWHG LQWR ³Oceanic Elements´ $OO WKH RFHDQLF
HOHPHQWVEHORQJWRDVXWXUHDQGKDYHVSHFL¿FURWDWLRQSROHV
VWRUHGLQWRWKH³Oceanic Element Finite Rotation Pole´WDEOH
2QHRFHDQLFHOHPHQWZLOOEHUHODWHGWRRQHURWDWLRQSROHIRU
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Table 3.3.2: Possible geodynamic interpretations 
of geological data (corresponding to “geodynamic 















































Active Margin subduction progradation under the new gondwanan margin (after the collision)
Passive Margin Outline of Scenario for the Chinese part
Arc Gondwana active margin (upper plate, southern act. marg. of an ocean with 2 act. marg.) until the cadomian terranes arrival (collision s.s.)
Oceanic Island Arc PROBLEMATIC !!! Possibly the nothern active margin
Collision Zone possible flysch of the Cadomian Collision, End of the Scenario
Rift Rifting in the Gondwanan active margin, Upper plate extension following the subduction of the Ridge
Passive Margin North China Passive Margin (KQQ), the scenario must start with the openning of the KQQ ocean.
Active Margin subduction progradation under the new gondwanan margin (after the collision)
Ridge Subduction KQQ Ridge subduction
Arc Gondwana active margin (upper plate, southern act. marg. of an ocean with 2 act. marg.) until the cadomian terranes arrival (collision s.s +-560)
Collision Zone possible flysch of the Cadomian Collision, End of the Scenario
Active Margin Cadomia super terrane active margin (northern act. marg. of an ocean with 2 act. marg.) until the collision
Arc Gondwana active margin (upper plate) until the switch in the volcanism (Arc to rift), possibly due to the extension in the upper plate


















































stored in the data-
base. No notion of 
scale is given.
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oceanic element belongs to a Terrane.
It is crucial to understand that the key elements to replace the data into the past are the terranes AND 
NOT the plates([FHSWWKHFXUUHQWO\H[LVWLQJSODWHVDOOWKHSODWHVH[LVWLQJEHIRUHSUHVHQWDUHGLVDSSHDUHG




$FWXDOO\GH¿QLQJWKHSODWHV WKURXJKDJHV LVSODWHPRGHOOLQJ WKHLUFDUWRJUDSKLFUHSUHVHQWDWLRQVDUH WKH
reconstructions. The aim of PaleoDyn LV QRW WR VWRUH WKH UHFRQVWUXFWLRQV ZKLFK DUH DOPRVW FRQVWDQWO\ LQ
SURJUHVV EXW WKH GDWD XVHG DQG WKHLU FKDUDFWHULVLQJ SDUDPHWHUV 0RUHRYHU DFFRUGLQJ WR 3ODWH '\QDPLF
%RXQGDULHVSULQFLSOHVSODWHOLPLWVDUHFRQVWDQWO\HYROYLQJ:K\VWRUHLQDGDWDEDVHVRPHWKLQJZKLFKDOZD\V
FKDQJHV"
$V ZH DOUHDG\ VDLG WKH UHFRQVWUXFWLRQV DUH VWRUHG H[WHUQDOO\ 7KXV plates have no geographical 
representation. They are only described by an ID, a name and an abbreviation. For a time span delimited by 
an Upper_Age and a Lower_AgeDWHUUDQHEHORQJVWRDSODWH$WHUUDQHFDQEHORQJWRVHYHUDOSODWHVWKURXJK
ages and plates include many terranes. 
3ODWHPRWLRQVDUHGHVFULEHGE\VWDJHSROHVVWRUHGLQWKH³Plate Stage Rotation Pole´WDEOH7KHURWDWLRQ
poles are described by an ID, an Initial Age and a Final AgeLWVORFDWLRQORQJLWXGHDQGODWLWXGHFRRUGLQDWHV
and an angleRIURWDWLRQ(DFKSODWHZLOOKDYHRQHDQGRQO\RQHVWDJHSROHEHWZHHQWZRDJHVFRUUHVSRQGLQJ
WRWKHUHFRQVWUXFWLRQV
3.4 PaleoDyn database implementation and use
2QFHDFRPSOHWHUHÀHFWLRQKDVEHHQOHGVHFWLRQDQGDUHODWLRQDOGDWDPRGHOGHYHORSHGVHFWLRQ
it is possible to physically create the tables and start to store the data.
0RGHUQLQIRUPDWLFVSURYLGHVSRZHUIXOWRROVDEOHWRPDQDJHYHU\ODUJHDPRXQWRIGDWDOLQNHGE\FRPSOH[









s database to check the model has been developed.
,QWKHFXUUHQWVHFWLRQZHSUHVHQWWKHSURJUHVVRIWKHGDWDDFTXLVLWLRQLQWKHSUHVHQWDQGWKHYDULRXVWRROV
VSHFL¿FDOO\GHYHORSHGIRUWKHSDVW
3.4.1 From the present...









2QFH DJDLQ LW LV LPSRUWDQW WR QRWLFH WKDW SODWHV KDYH QR JHRJUDSKLFDO UHSUHVHQWDWLRQ LQ WKH 3DOHR'\Q
database.
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The Geological Data WDEOHFRXQWVHQWULHVVWRUHGE\ WKHPHPEHURI3U6WDPSÀL¶V WHDPVHH¿JXUH







3ODWHV WDEOH FRXQW  HQWULHV UHSUHVHQWLQJ WKH WRWDO QXPEHU RI SODWHVZKLFK KDYH EHHQ UHFRQVWUXFWHG
EHWZHHQ0DDQG0DVWDJHVSROHVDUHVWRUHGLQWKH³3ODWH6WDJH3ROHV´WDEOHWRGHVFULEHWKHSODWH









Figure 3.4.1: The databases as implemented in ArcGIS.
(a): PaleoDyn professional geodatabase (managed with ArcSDE which is an Orcale type DBMS allowing mutli-users applica-
tions).  (1): Feature Dataset containing features classes. (2): Non-geographic tables; (3): Geographical Tables=Feature Classes; 
(4):  Relationship Classes. (b): Reconstructions personal geodatabase. One reconstruction is store in one Feature Dataset. The 
name of the Feature Dataset indicates the reference frame (EF=Europe Fixed, AF=Africa Fixed) and the age of the reconstruc-
tion. (c): Feature Dataset content = one reconstruction. One Feature Classe = one Plate.
The Reconstructions Database organisation is very simple as no relationship exists between the feature classes which are 
all of Polyline type.  Notice that the 394Ma reconstruction is stored twice, once in Europe fixed reference frame and once in 
Africa fixed.
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3.4.2 ...to the past (PaleoDyn database and reconstruction consistency)
7KHOLQNEHWZHHQWKHSUHVHQWDQGWKHSDVWLVWKH³7HUUDQH)LQLWH5RWDWLRQ3ROH´WDEOHVWRULQJWHUUDQHV
URWDWLRQSROHV2QHSROH IRUHDFK WHUUDQHSUHVHQWRQHDFK UHFRQVWUXFWLRQ8VLQJ WKHVSHFL¿FDOO\GHYHORSHG
³3UHVHQW7R3DVW´WRROVHH¿JXUHTerranes, Geological Data, Oceanic Elements, Key Localities and 
Geographical Mark are rotated back and keep their relationships with the bibliographical references, the 
JHRG\QDPLFLQWHUSUHWDWLRQVDQGDVVRFLDWHGVFHQDULRVH[DPSOH¿JXUH7he visibility of all those data 














Figure 3.4.2: Geological Data 
and Key Localities stored into the 
PaleoDyn Database.
(a): Black dots represent the 
geological data entries. Empty 
Squares represent the key locali-
ties. 
(b) Entries classified by authors. 
C.W.= Caroline (n=334) Wilhem, 
C.H.= Cyril Hochard (n=161), 
O.F.= Olivier Ferrari (n=64), P.M.= 
Patrice Moix (n=39), Others n=7. 
Total amount of Data N=605.
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 &DOFXODWH YDULRXV VWDWLVWLFV QXPEHU RI HOHPHQWV RI D
particular type, length of ridge in one reconstruction, 
VXUIDFHVRISODWHVWKURXJKWLPHHWF
 &RQWUROWKHPRGHOFRQVLVWHQF\
o Plate Path Creation.
o 9HORFLW\0RGHOVFUHDWLRQ
7KDQNVWRWKHPRGHOFRQVLVWHQF\FRQWUROWRROVWKH3DOHR'\Q
database is not only employed to facilitate the reconstructions 





Figure 3.4.3: Present To Past Tool.
Tool developed in ArcObjet (ArcGIS programming language).(1): Data se-
lection; The user can select all the geographical data stored in PaleoDyn 
geodatabase. (2): The user select the rotation file. (3): Fixed terrane selection. 
The  user can keep any terrane fixed. (4): Age selection. The user can select 
any age. If the terranes have no corresponding pole, the rotation pole is in-




























































































































o Plate Paths Creation
2QHRIWKHPRVWLPSRUWDQWFRQVWUDLQWVEURXJKWE\WKHG\QDPLFSODWHERXQGDULHVSULQFLSOHVLVJHRPHWULF
$FFRUGLQJWRRXUPHWKRGRORJ\H[FHSWGXULQJWKHFROOLVLRQVWKHRQO\HYROYLQJHOHPHQWVRISODWHVDUHWKHLU
limits. This principle allows us to move plates as rigid bodies and observe gaps and overlaps to create new 
OLPLWV ,W LV FRQVHTXHQWO\ RI WKH SDUDPRXQW LPSRUWDQFH WR DYRLG SODWH GHIRUPDWLRQV ,QFOXGLQJ LQWUDSODWH
GHIRUPDWLRQVLQWRWKHPRGHOFRXOGEHVHHQDVDQHQKDQFHPHQW+RZHYHUNHHSLQJSODWHVDVVROLGERGLHVZKLFK
LVD IXQGDPHQWDODVVXPSWLRQRISODWH WHFWRQLFV WKHRU\RIIHUDKXJHFRQVWUDLQWE\ OLPLWLQJ WKHYDULDEOHVRI
WKHSUREOHP2QWKHFRQWUDU\WRLQFOXGHLQWUDSODWHGHIRUPDWLRQDGGVQHZYDULDEOHSDUDPHWHUVDQGWKHUHIRUH
increases the degree of latency which we precisely aim to limit. Nevertheless, all along the reconstruction 
FUHDWLRQEDGPDQLSXODWLRQVPD\RFFXUDQGLQGXFHLQYROXQWDU\³SODWHGHIRUPDWLRQV´8VLQJSODWHSDWKVLWLV
SRVVLEOHWRWHVWZKHWKHUSODWHVKDYHXQGHUJRQHLQWUDGHIRUPDWLRQDQGWKHUHIRUHFRUUHFWSRWHQWLDOHUURUV
Figure 3.4.4: Example of geological data replaced in the past using the “Present to Past” Tool. Geological data associated 
to the terranes are rotated back in the past on the basis of the terrane finite rotation poles.
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With respect to one feature, a centroid is the barycentre of the nodes making up the feature contour 
REWDLQHGE\HLJHQYHFWRUFDOFXODWLRQ:LWKUHVSHFWWRDVHWRIIHDWXUHVWKHFHQWURLGLVWKHEDU\FHQWUHRIWKH
nodes compounding the various feature contours.
Considering a set of features in positions p
1
 and pDWWLPHVW1 and tWKHLUUHVSHFWLYHFHQWURLGVF1 and 




through space by an arc centred on the plate stage pole. If the plate has undergone a deformation then the 




the path is necessary continuous. We adopted this method to test how plates are moving with respect to their 
VXUURXQGLQJV$JURXSRISODWHKDYLQJDFRPPRQSDWKRUSDUDOOHOSDWKVLVIROORZLQJWKHVDPHPRYHPHQW
Such behaviour must have a geological/geodynamical explanation otherwise it could correspond to a modelling 
error.
,IZHGH¿QHWKHFHQWURLGDVWKHEDU\FHQWUHRISDVVLYHPDUJLQVWKHQWKHSDWKVKRXOGEHFRQWLQXRXVH[FHSW
if the margin is deformed, namely during an opening or a collision. If discontinuities in such a path are not 


























































Figure 3.4.5: (a) Centroid Paths of Siberia between 382 Ma and 250 Ma. Green line represents the 
path of the initial plate centroid. Blue line represents the Terranes centroid path. As long as the Ter-
ranes distribution does not change, the two lines are parallel. (1):The discontinuties at 330Ma and 
316 Ma in the blue line implies that a change in terranes distribution between 350 Ma, 330 Ma and 
316 Ma. (b): Siberia at 350Ma, 330Ma and 316 Ma. The Siberian plate include more than 30 terranes. 
During the reconstruction work manipulation mistakes can happen. Here, one terrane has been lost. 
The figure size is voluntary small to show how difficult the search of a lost terrane can be (2):  The 
270 Ma discontinuity does not result from a mistake but is due to the collision between Siberia and 
Kazakhstan (c).
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:HGHYHORSHGD WRROGHGLFDWHG WR3ODWHSDWKVFUHDWLRQ¿JXUH ,WRIIHUV WKHSRVVLELOLW\ WRFKRRVH
EHWZHHQRQHRIWKHWKUHHW\SHVRIEDU\FHQWUHDXWRPDWLFDOO\DVNVWKH3DOHR'\QGDWDEDVHWRVHOHFWWKHSODWHVWDJH
SROHVDQGLQWHUDFWVZLWKWKH5HFRQVWUXFWLRQVGDWDEDVHWRFDOFXODWHWKHFHQWURLGVThe Plate Paths Creator is 





Figure 3.4.6: Plate Path Creator
This tool interracts between the PaleoDyn data-
base and the Reconstructions database to create 
plate paths (see the text for more details). (1): Plate 
stage rotation poles in PaleoDyn; (2): the Recon-
structions database. (3): Types of centroid; (4): Plate 
selection. The plate names on the left are coming 
from the “Plates” table in PaleoDyn whereas the 
ages (on the right) are calculated on the basis of 
the reconstructions database.
o Velocity Models Creation













each velocity model includes, in average, about twenty plates and we planed to create one velocity model for 
HDFKUHFRQVWUXFWLRQ,WDSSHDUHGWKHUHIRUHYHU\XVHIXOWRDXWRPDWHWKHZKROHSURFHVVZLWKDGDSWHGWRROV¿JXUH
Those tools interact between the PaleoDyn database (rotation poles) and the Reconstructions 






Figure 3.4.7: PaleoDyn toolbar and Ve-
locity Models Creation tools in ArcGIS. 
(1): Plate polygons creation tool. In the 
Reconstruction database, all the fea-
tures are polylines. Plates limits must 
be converted into polygons and associ-
ated to their corresponding stage poles 
(selected in PaleoDyn); (2):  Arrow grid 
creation. tool; (3): Coloured raster veloc-
ity model creation tool.
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Step 1 Step 2
Step 3
Step 6
Step 4 Step 5
Plate Polygons Polygon Extraction Bufferisation





Figure 3.4.8: Velocity model creation.
On the basis of a reconstruction replaced in the correct reference frame (Pseudo-absolute, Europe fixed or Gondwana fixed, 
see the text), plate polygons are created and associated with plate stage poles (stored in PaleoDyn). Plate motions are 
indepedentant, it is therefore necessaray to calculate the models plate by plate.  The plate polygons are extracted one by 
one. (Step 1) To avoid gaps between two plates a buffer is created around each polygon (step 2). Inside the buffered plate 
polygon a geode grid (all the nodes are equidistant) is created and for each node of the grid the velocity is calculated (with 
respect to the rotation pole, step 3). Then the grid is interpolated (using the krigging method, step 4) and clipped (step 5) to 
retrive the original shape. The five first steps are applied to each plate polygon and the resulting plate velocity models are 
merged (or mosaicked, step 6) to give the global velocity model. Using the same approach, an arrow grid is calculated (not 
shown here to not overload the figure). As the colours show the rotation rates, the arrows indicates the rotation direction 
(see the example figure 3.4.9). The whole process is now fully automated.
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Figure 3.4.9: Late Permian kinematics model representing, in the final position, the average velocity (in cm/my) of 
each plate between 270Ma and 250Ma. The rotation rates of the plates are calculated in the pseudo-absolute refer-
ence frame. Thanks to such illustration we can, in the same time, verify that no point of no plate is moving faster than 
20 cm/an AND that diverging plates are seprated by ridges, translating plates are separted by transform fault and 
converging plates are separated by subduction zones.From Ferrari et al. (2008)
Conclusion





one single reconstruction. The best consequence is the iterations increase from which automatically results an 






2Q WKH FRQWUDU\ WKH 3DOHR'\Q GDWDEDVH UHVXOWV IURP DQ LPSRUWDQW UHÀH[LRQ GXULQJZKLFK LW KDV EHHQ
necessary to decide between the conservation of a high level of detail and the necessity of synthesis. In response 
WR WKLV LVVXHZHGH¿QHGSRWHQWLDO W\SHVRIJHRORJLFDOGDWDZLWKKLJKO\YDU\LQJ OHYHOVRI LQWHUSUHWDWLRQ
DQG ZH DVVRFLDWHG WKHP ZLWK JHRG\QDPLFDO LQWHUSUHWDWLRQV ZKHQ SRVVLEOH EXW DOZD\V LQ WKH IUDPH RI
JHRG\QDPLFVFHQDULRV7KLVZDV LQIDFW WKHEHWWHUZD\WRUHÀHFWLQGDWDEDVHVODQJXDJHRXUSKLORVRSK\RI
plate modelling.
The whole process of GIS and Geodatabases application to plate tectonics modelling that we developed is 
VXPPUL]HGLQ¿JXUH
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Figure 3.4.10: GIS and Geodatabase applied to plate tectonics modelling : synthesis.
In ArcGIS software, the PaleoDyn database stores, in the present-day position, the data neces-
sary to plate reconstructions creation. The reconstructions are created in MapInfo software 
thanks to a set of specifically developed tools.  Interractions between the databases allow 
controls of the past (Reconstructions) by the present (PaleoDyn).
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- Chapter 4 -

























4.1 Paleo-tectonic reconstructions and kinematic models
,Q WKHSUHVHQW VHFWLRQZHH[SRVH WKH UHFRQVWUXFWLRQV VHW DQG WKHLU DVVRFLDWHGNLQHPDWLFPRGHOV7KH
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Average Vmax: 5.76 cm/yr
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Average Vmax: 13.11 cm/yr






















































































































































































































































































































































Average Vmax: 10.99 cm/yr
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Average Vmax: 12.50 cm/yr

































































































































































































































































































































































































































































































































































































































































































































































Average Vmax: 10.42 cm/yr





















































































































































































































































































































































































































































































































































































































































































































































































































Average Vmax: 6.76 cm/yr










































































































































































































































































































































































































































































































































































































Average Vmax: 5.29 cm/yr





















































































































































































































































































































































































































































































































Average Vmax: 5.13 cm/yr









































































































































































































































































































































Average Vmax: 6.58 cm/yr




















































































































































































































































































Average Vmax: 4.75 cm/yr
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48 Ma 





































































































































































































































































Figure 4.1.25: Evolution of Re-
constructed area through time.
Figure 4.1.24
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7KH9PD[$9*YDOXHVHHWDEOHUDQJHVEHWZHHQFP\UDQGFP\UZKLFKLVLQWRWDODFFRUGDQFHZLWKRXUNLQHPDWLFFRQVWUDLQWV*OREDOO\94% of the plates have a fastest point which is moving slower 
than 20 cm/yr and 97% slower than 23 cm/yr which can be considered as an acceptable error+RZHYHU
ZH FDQ REVHUYH LQ WDEOH  WZRQRWDEOHV H[FHSWLRQV DW 0D 9PD[$9*  FP\U DQG 0D9PD[$9* FP\U6XFKDYHUDJHYHORFLWLHVLPSO\PD[LPXPYDOXHVPXFKJUHDWHUWKDQRXUOLPLWDWLRQVRIWKHRUGHURIFP\U7KH0DDQG0DUHFRQVWUXFWLRQVKDYHWREHUHFRQVLGHUHG
7KH0DDQG0DYHORFLW\PRGHOVSUHVHQWVRPHSODWHVZLWKH[FHVVLYHYHORFLWLHVJUHDWHUWKDQ




'XULQJ WKH &UHWDFHRXV D ORQJ SHULRG
ZLWKRXWPDJQHWLFSRODULW\LQYHUVLRQVNQRZQ
DV WKH ³&UHWDFHRXV 4XLW =RQH´ RFFXUUHG
LPSO\LQJ D ODFN RIPDJQHWLF DQRPDOLHV$V
DFRQVHTXHQFHEHWZHHQ0DDQG0D
WKH SODWHV FRXOG QRW EH UHSODFHG WKDQNV WR
RFHDQLFLVRFKURQV7RFUHDWHWKH0D
0DDQG0DUHFRQVWUXFWLRQV¿JXUHV
DQG ZH LQWHUSRODWHG SODWH SRVLWLRQV
+RZHYHU VLPSOH OLQHDU LQWHUSRODWLRQV
OHG WR JHRORJLFDO LQFRQVLVWHQFLHV VXFK DV
WKH RSHQLQJ RI DQ RFHDQLF UHDOP EHWZHHQ
(XUDVLD DQG ,EHULD LQ WKH 3\UHQHHV $V D
FRQVHTXHQFHZHFRQWUROOHGWKHPDWKHPDWLFDO
LQWHUSRODWLRQVE\WKHJHRORJLFDOGDWD'XULQJ
WKLV WLPH VSDQ LQ WKH 7HWK\DQ UHDOP WKH
PDMRU HYHQW LV WKH VLPXOWDQHRXV REGXFWLRQ











SODWH FRQVWUDLQLQJ WKH LQLWLDO GLVWDQFH WR WKH
PDUJLQRIWKHVHDPRXQWV2PDQH[RWLFVDQG




WR UHFUHDWH WKRVH PDMRU HYHQWV DVVHVV WKH
SRVLWLRQV RI $IULFDQ DQG ,QGLDQ SODWHV DQG
FRQVHTXHQWO\RIDOOVXUURXQGLQJPDMRUSODWHV




































































































































































































































Table 4.1.1: Statistics of Reconstructions and Velocity models. The 
surfaces are expressed in square degrees.  The ratio of reconstruct-
ed area is calculated with respect to the total surface of the Earth: 
64800 square degrees. The avarage of maximum velocities (Vmax) 
is obtained by adding the velocities of all the fastest points of the 
plates compounding a recontruction.
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1RWHFRQFHUQLQJWKH3DFL¿FDUHD









4.2 Global plate tectonics analysis: looking for driving forces















4.2.1 Spatial distribution of the plate stage poles.
o Observations: non-uniform distribution
7KHUHFRQVWUXFWLRQVHWSUHVHQWHGLQVHFWLRQ LQFOXGHVDQDYHUDJHRISODWHVE\UHFRQVWUXFWLRQVHH








WKDWthe poles weakly follow a girdle distribution along a plan centred at 68°W and 51°NHLJHQYHFWRU
¿JXUHD
Note concerning the eigen vectors and the eigen values:
In mathematics an eigen vector is the result of the linear transformation of a vector. The magnitude of this new 
vector is the eigen value. On a sphere, the spatial distribution of a group of points can be described by a series 
of three vectors, representing the three plans of the space. An ideal homogeneous distribution is thus described 
by three vectors of equivalent magnitude. On the contrary, when the distribution is not homogeneous the three 
YHFWRUVDUHOLQHDU\WUDQVIRUPHGWRJLYHWKUHHHLJHQYHFWRUVIRUPLQJDQ©HOOLSVLVRIGLVWULEXWLRQª7KH¿UVWHLJHQ
vector represents the plan of maximum distribution of the points.Hereafter, the poles (or centres) to the plans 
of maximal distribution are labelled as Cpmax. The Cpmax concerning the whole set of rotation poles is 
referred as “Total Cpmax”.
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Figure 4.2.1: Preferential path of the stage poles. Spatial distribution of the 700 stage poles on the Earth’s surface. 
The dotted line underlines the area of maximum density.
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  0.069   0.001
  0.236   0.003
  0.695   0.003
  0.305   0.003
Non-uniform distribution.











































  0.437   0.006
  0.591   0.002
Weakly developed girdle.




Statistical analyses of the plate stage poles spatial distribution
Figure 4.2.2: Statiscal analyses of the 700 stage poles spatial distribution. (a) Polar representation of the plate stage poles. 
Dotted lines represent the eigen vectors; points 1, 2 and 3 correspond to the poles to the plans formed by the 3 eigenvec-
tors.  Point 1 (292°E, 51°N) represents the maximum axe corresponding to the plan of maximum distribution of the poles. 
(b) Vollmer’s fabric indexes (Vollmer, 1989 and 1990) and (c) Woodcock ratios (Woodcock 1977 and 1983) confirm the non-
uniform distribution (grey area on b and c) highlighted by the eigenvalues. Hence, statistically the 700 plate stage poles 
have a non-uniform distribution weakly developed in girdle with a 95% confidence level.
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  0.082   0.005
  0.457   0.009
  0.461   0.008
  0.539   0.008
Non-uniform distribution.











































  0.215   0.008
  1.106   0.010
Weakly developed girdle.
Tested at the 95% confidence level.
N=172 N=528
Eigenvectors
Vector Trend Plunge Value
1 340 31 23.820
2 239 18 59.200



























  0.043   0.002
  0.309   0.004
  0.649   0.004
  0.351   0.004
Non-uniform distribution.











































  0.202   0.005
  0.647   0.003
Weakly developed girdle.
Tested at the 95% confidence level.
Eigenvectors
Vector Trend Plunge Value
1 271 52 107.92
2 34 23 184.90




394 Ma To 48 Ma
(Baltica reference)
Figure 4.2.3: Statistical analysis of the stage poles distribution. To compare the influence of each reference plate of the 
composite reference frame, the dataset has been divided in two subsets, one for each plate. The poles distribution is 
never unfirom.
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  0.437   0.006
  0.591   0.002
Weakly developed girdle.



















































































  0.069   0.001
  0.236   0.003
  0.695   0.003
  0.305   0.003
Non-uniform distribution.

























































Figure 4.2.4: Statistical analysis of the plate stage poles divided in groups of 50 Ma. (a) Woodcock ra-
tios. (b) Vollmer fabric indexes. On each graph, two groups including the same ages can be indentified 
(surrounded by dotted lines). However, these groups melt data base on the Baltica reference frame and 
data based on Gondwana reference frame.  In any cases, through times, the poles distribution is never 
uniform with a 95% level of confidence. Notice on graph (b) that during the existence of the Tethyan 
realm the poles are clustered.
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0.142   0.021
0.396   0.053
0.462   0.057
0.538   0.057
Non-uniform distribution.
Tested at the 95% confidence level.
Vollmer’s Fabric Indexes
Vector Trend Plunge Value
1 293 52 5.2355
2 40 12 11.965








70 Ma 84 Ma





























































Figure 4.2.5: Worldwide distribution and statistical analyses of the reconstructions mean poles. (a) Reconstructions mean poles 
(obtain with eigenvectors calculation) spatial distribution. The girdle distribution appears more clearly than with the total set of 
poles (fig. 4.2.1). Black dots represent the reconstructions mean poles calculated in the PSARF. Empty dots represent the present-
day mean poles of plate motion based on the HS3-Nuvel-1-A (Gripp and Gordon, 2000) and Nuvel-1-A (DeMets et al. 1994, trans-
lated in the Europe fixed reference). From 394Ma onward, the PSARF is based on Baltica’s paleomagnetic data. If we extended it 
until the present we should replace the present-day “Paleomagnetic” pole of Baltica/Europe on the present-day magnetic pole; 
in other word we should have kept Europe fix.ed As a consequence, Nuvel-1-A model translated into Europe fixed frame is sup-
posed to correspond to our PSARF. We can indeed notice that the Nuvel-1-A mean pole is closer to the plan of maximal poles 
density than the mean HS3-Nuvel-1-A mean pole. Eigenvectors (b) and Vollmer’s fabric (c) confirm the non-uniform distribution 
observed in (a). The Cpmax is located 67°W and 52°N (black square on (a)), very cloth to the Total Cpmax (empty square on (a)). 
Black line on (a) corresponds to the plan of maximum distribution of the poles (“diverging” plan) with its uncertainties in dotted 
lines. Notice that Woodcock Ratios (not presented) show the same results as Vollmer’s Fabric Indexes.
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0.080   0.022
0.426   0.052
0.494   0.056
0.506   0.056
Non-uniform distribution.
Tested at the 95% confidence level.







Figure 4.2.6: Worldwide distribution and statistical analyses of the reconstructions mean poles weighted with the plate 
surfaces. (a) Spatial distribution of the mean poles. Black dots correspond to the weighted mean poles normalised to 
the whole Earth’s surface. Empty dots correspond to the weighted poles normalised only to the reconstructed area of 
each reconstruction. According to Vollmer’s Fabric indexes (b), the poles are not uniformly distributed but follow a girdle 
with a 95% level of confidence. Eigenvectors calculation locates the Cpmax of total Earth-normalised and reconstruction 
area-normalised poles very close to each other, somewhere around the south of Greenland (see (a)).
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o Consequences for the global plate motion 
and the plate driving forces
7KH VWDWLVWLFDO DQDO\VHV WHQG WR VKRZ WKDW WKH URWDWLRQ
SROHV RI WKH SODWHV WKURXJK WLPH IROORZ D ZHDN JLUGOHG
GLVWULEXWLRQDURXQGDSRLQWORFDWHGDW:DQG1,WLV
DOZD\VSRVVLEOHWRHQYLVDJHWKLVVSHFL¿FGLVWULEXWLRQDVDELDV
RI RXUPHWKRGRORJ\ QHYHUWKHOHVV LI WKLV WKH FDVH LQGHHG




,W LV YHU\ LQWHUHVWLQJ WR QRWLFH WKDW WKH IRXU &SPD[V
REWDLQHGZLWK RXU YDULRXV WHVWV DUH VWDWLVWLFDOO\ HTXLYDOHQW
VHH¿JXUH&RQVLGHULQJ UHFRQVWUXFWLRQVPHDQSROHV
UDWKHU WKDQ WKH FRPSOHWH VHW RI SROHV SDUWO\ UHPRYHV WKH
³QRLVH´ SURGXFHG E\  VWDJH SROHV DQG DFFHQWXDWH WKH




WKH SODWH FHQWURLGV DQG WKH PHDQ URWDWLRQ SROH RI HDFK
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M. R. R. A.
All Poles
longitude latitudeCpmax
Spatial Distribution of Cpmaxs
Figure 4.2.7: Distribution of the various Cpmax 
in polar projection with 95% confidence ellipses. 
Based (A): on all the stage poles; (B): Reconstruc-
tion mean poles, (C): weighted reconstruction 
mean poles normalised to Earth’s surface; (D): 
weighted reconstruction mean poles nor-
malised to reconstructed area. The 95% ellipses 
































SCHEMATIC SECULAR PLATE MOTIONS
Figure 4.2.8: Schematic representation of secular plate motions based on stage poles observations. Circles have a radious 
of 70° (average distance between plates and reconstructions mean poles, cf table 4.2.1).
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Poles distribution around Total Cpmax
Count
Distance
Figure 4.2.9: Distribution of the 700 plates stage poles 
around the Total Cpmax. The distance is expressed in de-























































































































































Table 4.2.1: Average distance between the plates cen-
troids and the mean rotation pole of each reconstruc-
tion.
)LUVW RI DOO LW LV LPSRUWDQW WR HPSKDVL]H WKDW
WKLV JHQHUDO SDWWHUQ UHVXOWV IURP ODUJH WLPH VFDOH





0D DQG HYHQ UHFRQVWUXFWLRQ E\ UHFRQVWUXFWLRQ$V D
FRQVHTXHQFHZHFDQDI¿UPWKDWLWZLWQHVVHVDVHFXODU
SKHQRPHQRQ+RZHYHULQWKH¿JXUHVDQG
ZKHUH WKH DJHV RIPHDQ SROHV DUH UHSUHVHQWHG ZH
FDQQRWLFH WKDW LI WKHUH LVDJOREDO WUHQG WKHUH LVQR
HYROXWLRQ WKURXJK WLPH 7KLV WHQGV WR VKRZ WKDW WKH
JOREDO WUHQG UHÀHFWVDJHQHUDOSKHQRPHQRQDIIHFWLQJ
DOOWKHSODWHVEXWZLWKRXWSURJUHVVLYHHYROXWLRQ
7ZR JURXSV RI IRUFHV DUH JHQHUDOO\ SXW IRUZDUG




HTXLYDOHQW,QRWKHUZRUGVWKHREVHUYHGSKHQRPHQRQDIIHFWVDOOWKHSODWHVin the same way, LQGHSHQGHQWWR
WKHLUWRWDODUHD
























DYHU\ VPDOO UROH LQJHRG\QDPLFV7KLV LV LQGHHGFHUWDLQO\ WKH FDVH LQ DQ LQVWDQWDQHRXV VHQVH EXWPD\EH

































6FRSSRODHWal.  LQGHHG UHFHQWO\ UHYLWDOL]HG WKH LGHDE\K\SRWKHVL]LQJ WKHSUHVHQFHRIDQXOWUD ORZ
YLVFRVLW\FKDQQHOZLWKLQWKHDVWKHQRVSKHUH
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$VZHPHQWLRQHG DERYH WKH FXUUHQW QHWURWDWLRQ RI WKH OLWKRVSKHUH KDV EHHQ WKH VXEMHFW RI QXPHURXV
UHFHQWVWXGLHV)URPYDULRXVSUHVHQWGD\SODWHPRWLRQVPRGHOVPRVWRIWLPHLQWKHKRWVSRWUHIHUHQFHIUDPH
QXPHURXVPHDQSROHVRI WKHSUHVHQWGD\SODWHPRWLRQVKDYHEHHQFRPSXWHG ,Q¿UVWDSSUR[LPDWLRQ WKHVH
SROHVDUHFRPSDUDEOHWRRQHRIRXUUHFRQVWUXFWLRQPHDQSROHVZHLJKWHGZLWKWKHSODWHVVXUIDFH+RZHYHU
ZHFDQQRWLFHWKDWSUHVHQWGD\PHDQSROHVDUHQRWORFDWHGDORQJWKHGLYHUJLQJEXWQHDUE\WKH&SPD[SRLQWV






















¿JXUHVKRZWKDWcurrently, the smaller the plates are, the faster they move
:HH[WHQGHGWKHDQDO\VLVEDFNWR0DXVLQJWKHSODWHSROHVVHH¿JXUH,IZHFDQQRWVD\
WKDWVPDOOHUSODWHVDUHPRYLQJIDVWHUWKDQWKHODUJHURQHVLWLVFOHDUWKDWno correlation between the surface 
of the plates and their velocity exists
$QRWKHUDUJXPHQWSOD\LQJDJDLQVWWKHEDVDOGUDJLVWKHH[LVWHQFHRIVPDOOSODWHVZKLFKDUHDOVRPRYLQJ
7KLV LPSOLHV HLWKHU VPDOO FRQYHFWLRQ FHOOV UHVWULFWHG WR XSSHU PDQWOH RU GHHS FRQYHFWLRQ FHOOV ZLWK DQ
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Plate Area vs. Velocity
Figure 4.2.11: Plates Area vs. Velocity. Area is expressed in square degrees. The area scale is logarithmic by con-
venience. A selection have been done and the stage poles of the 442 Ma and 382 Ma have been rejected because 





RI RXU PRGHO VHH ¿JXUH  D PHGLDQ DUHD RI
VTLVUHSUHVHQWDWLYH7KLVLPSOLHVWKDWWKURXJK
WLPH KDOI RI WKH SODWHV DUH VPDOOHU WKDQ  VT
FRUUHVSRQGLQJ WR D VTXDUH SODWH RI DERXW  §
NPODUJH6XFKVL]HLVPXFKVPDOOHUWKDQWKHDYHUDJH
VL]HRIFRQYHFWLRQFHOOVXVXDOO\PRGHOOHG§NP
ODUJH 7KLV REVHUYDWLRQ LV LQGHHG XQGHUOLQHG E\ WKH
YHORFLW\PRGHOV VHH VHFWLRQ ZKLFK RIWHQ SUHVHQW
DSDWWHUQPXFKPRUHFRPSOLFDWHGWKDQZKDWLVOLNHO\WR

























































































hehotspots(rightaxis). From Cuffaro & Jurdy, 2007
,QD¿UVWDWWHPSWWRH[WHQGWKHREVHUYDWLRQVRI)RUV\WKDQG8\HGDWKURXJKWLPHZHSORWWHGRQ¿JXUH
WKHYHORFLWLHVRISODWHVYVWKHOHQJWKRIVXEGXFWLRQ]RQHVH[SHFWLQJDWOHDVWDZHDNOLQN+RZHYHU
QR HYLGHQW FRUUHODWLRQ DSSHDUV7KLV FRXOG VXSSRUW D SUHGRPLQDQFH RIPDQWOH¶V DFWLRQ1HYHUWKHOHVV WZR
FKDUDFWHULVWLFVRIRXUGDWDVHWPXVWEHHPSKDVL]HG
 %HFDXVH WKH GDWDVHW LQFOXGHV DEVROXWH YHORFLWLHV RI SODWHV LW WDNHV QR FDUH DERXW WKH GLUHFWLRQ RI
VXEGXFWLRQDQGUHODWLYHYHORFLWLHVDWWKHWUHQFK,IZHFRQVLGHUDSODWHERXQGHGE\DVHWRIVXEGXFWLRQ]RQHV
DOORULHQWHGLQWKHVDPHGLUHFWLRQWKHUHVXOWLQJIRUFHVVKRXOGGULYHWKHSODWHLQDVLQJOHGLUHFWLRQDQGWKHSODWH











PRVW LPSRUWDQW IRUFH LV WKH VODESXOO WKHQZH VKRXOG
RQO\FRQVLGHUWKHORZHUSODWHOHQJWK
7KHVH WZR REVHUYDWLRQV DUH FXUUHQWO\ XQGHU
FRUUHFWLRQEXWWKHVL]HRIWKHGDWDVHWLVKHUHDQREVWDFOH





7KH UHFRQVWUXFWLRQV VHW SUHVHQWHG LQ VHFWLRQ 
VKRZVWKDWWKH3DFL¿FUHDOPFRUUHVSRQGLQJWRWKHQRQ
UHFRQVWUXFWHG DUHD LV RQH RI WKH ORQJOLYHG HOHPHQW
RI WKH (DUWK 7KDW ZH GLG QRW UHFRQVWUXFW LW IRU WKH
PRPHQW LW LVPDLQO\ EHFDXVHZH NQRZ RQO\ D OLWWOH































Figure 4.2.12: Surface distribution of the 758 plates. By 
convenience, the size scale is not extended to the maxi-
mum plate size. Only 7.28% of the plates are larger than 
6000 sq.°. The distrubution function is an invers power of 
the plate surface. As a consequence, the numerical avaer-
age (1932.59 ±3707.39 sq.°) is less representative than the 























Figure 4.2.13: Subduction 
zones length vs. plates ab-
solute veolicity. The length 
of subduction zones is ex-
pressed in km. The scale is 
logarithmic by convenience.
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Ridge Trench P.M. Continent
< 80 Ma > 80 Ma
Z=-2500m Z=-7000m Z=-500m Z=+100m
tZ Zu 3502500 8.62/32006200 t 
Figure 4.3.1: Synthetic bathymetric profile used for paleo-bathymetric models creation.
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/DVWO\ LW DSSHDUV REYLRXV WKDW VXFKPRGHOV FRXOG KDYH YDOXDEOH LPSOLFDWLRQV IRU WKH LQGXVWU\ DQG LQ
SDUWLFXODUIRUWKHSHWUROHXPLQGXVWU\E\RIIHULQJWKHSRVVLELOLW\WRUHFRJQL]HWKHSRWHQWLDOVFRQGLWLRQRIVRXUFH
URFNGHSRVLWV
Figure 4.3.2: 3D bathymetry: grid creation
To create a 3D paleo-bathymetric model a grid is created using the nodes of each fea-
ture making up the reconstruction. Then a “Z” value (topographic or bathymetric) is at-
tributed to each node. For the continents (topography) the Z value is fixed to 100 m. For 
the oceans the bathymetry follows a profil starting at -2500 m at the ridge, evolving with 
the age of the oceanic crust (symbolized by synthetic isochrons, see the text for details) 
down to the subduction trench arbitrary fixed to -7000 m. The passive margin depth is 
arbitrary fixed to -500 m.
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3D Paleo-bathymetric models of the Creataceous (Part I)
Figure 4.3.3
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,Q RWKHUZRUGV WKH UHVXOWLQJ YHORFLWLHV LQFOXGHG WKHPRWLRQ RI WKH UHIHUHQFH SODWH QDPHO\%DOWLFD7KLV
DSSURDFKZDVDOUHDG\DQLPSRUWDQWVWHSIRUZDUGEXWFRXOGOHDGWRGLVFUHSDQFLHVHVSHFLDOO\FRQFHUQLQJWKH













GDWDEDVHVDQG WRROV7KHSULPDU\ UHVXOW LVDFRPSOHWHVHWRI UHFRQVWUXFWLRQV UDQJLQJEHWZHHQ0DDQG
0DZLWKDQDYHUDJHVWHSRI0DDQGFRYHULQJEHWZHHQDQGRIWKH(DUWK¶VVXUIDFH,WLVDOVR
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